
qb-fil-8 852 STUDY OF FINITE WORD LENOTH EFFECTS IN SOME SPECIAL 1/3
CLASSES OF DIGITAL FILTERS(U) AIR FORCE INST OF TECH
WRIGHT-PATTERSON RB OH SCHOOL OF ENGI.. H INANLIUNCLASSIFIED DEC 83 RFITiGEiEE/83 -32 F/G 912 NL

EEEEEEEEEEEEEE
EEEEEEEEEElhEE
mEEEEEEEEEEEEE
mEEEEEEEEEEEEI
EEEEEEEEEEEEEE
ElllllEEEEEllEE



.* hl-' .4..1"

01

4 N

o.%. *%l~o

:1- ... ,

li .0 lams L -
9_, &.2 -sM .

NN- E- 
.3A

. 1 I
I  

l-t

J. -

?i.. . .. !

. .... - , .. . 4- .. , "..

low

%. o. %

%.. 4 V.. 4 \ 4C~Y'~- *-* - o- -,...--

p. - .-.-...

%P

%
• % ,



OFO

STUDY OF FINITE WORD LENGTH EFFECTS
IN SOME SPECIAL CLASSES OF

DIGITAL FILTERS

THESIS

Harun Inanli

1st Lt, Turkish Air Force

AFIT/GE/EE/83D-32

DTIC
A. ELECTEF.

DEPARTMENT OF THE AIR FORCE D

AIR UNIVERSITY

AIR FORCE INSTITUTE OF TECHNOLOGY

Wright-Patterson Air Force Base, Ohio

DISTErfU". " 1" A

Approve_' ,(,: ,:. ., ..iti 84 02 21 199
V %.% .. . . . \ N



Pw - 7 7 7 77 .7

AFIT/GE/EE/83D-32

p' Accession For

NTIS GRA&I -
DTIC TAB
Unannounced fl
JUStificntion._

By .
Distributi on/

Availability Codes

Avail and/or
Dist Special

'U 

am"

STUDY OF FINITE WORD LENGTH EFFECTS
IN SOME SPECIAL CLASSES OF

DIGITAL FILTERS

THESIS

Harun Inanli
1st Lt, Turkish Air Force

AFIT/GE/EE/83D-32

DTIC
8 ELECTE

FEB 22 1984

D
.,

hi .'. Approved for public release; distribution unlimited

. - , " * "*% " f*~.* ... . "- " 
-

"*"" "-':''""" . -', " /'".* :" ""''i A '



AFIT/GE/EE/83D-32

".4

$TUDY OF FINITE WORD LENGTH EFFECTS IN SOME

SPECIAL CLASSES OF DIGITAL FILTERS

THESIS

Presented to the Faculty of the School of Engineering

of the Air Force Institute of Technology

Air University

In Partial Fulfillment of the

Requirements for the Degree of

Master of Science in Electrical Engineering

Harun Inanli

First Lieutenant, Turkish Air Force

December 1983

Approved for public release; distribution unlimited



Preface

The purpose of this thesis was to simulate some

classical and innovative digital filter structures. The

effect of finite word length limitations in the amplitude

response of various digital filters was investigated. Also,

a comparison of the result included by response and sensi-

*tivity will be discussed.

This report develops the theory of 12 different

digital filter structures. Six of them, which are FIR

(Finite Impulse Response) digital filters, are chosen for

simulation. Anyone who is interested in the finite word

length effects of these digital filter structures should

find the computer programs in Appendices B, C, and D to be

useful.

I want to thank my advisor, Dr Vaqar Syed, who has

given me timely guidance essential to the completion of this

study. A special thanks is also expressed to my committee

members, Dr Tom Jones and Lt Col John Carnaghie, for their

expert advice. Finally, a thank you is extended to all the

students and staff of the AFIT Digital Signal Processing

Laboratory for their technical support.

Harun Inanli
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Abstract

One of the main problems in digital filter implemen-

tation is that all practical devices are of finite precision.

Therefore, the finite word length effect of digital filters

is an area of high interest.

There are various types of digital filter structures.

Due to the effect of finite word length registers, each

digital filter structure gives a slightly different output

response for the same transfer function. Therefore, it is

- important to find the best filter structure which has the

lowest affect on the output response for the same transfer

function.

In this paper, six IIR (Infinite Impulse Response)

digital filters and six FIR (Finite Impulse Response) digital

filters are investigated, theoretically, for the low sensitiv-

ity due to a finite word length register. In addition, the

six FIR digital filters are simulated by computer to obtain

practical results. Finally, it will be shown that NS (Nested

Structure) digital filters produce the "best" response if

minimum sensitivity is the figure of merit.
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- " STUDY OF FINITE WORD LENGTH EFFECTS IN SOME

SPECIAL CLASSES OF DIGITAL FILTERS

I. Introduction

A digital filter is a system which is used to pro-
cess discrete time signals. The filter can take one of the

two forms. In one form, the filter could be simply a numer-

ical signal processing algorithm, which can be implemented

- on a general purpose or a special purpose digital computer.

In the other form, the filter could be a dedicated piece of

hardware, specially designed to fit a particular processing

scheme. The choice of one form over the other involves

several considerations. For example, the computer implemen-

tation is the most flexible one of the above two schemes.

A simple program change is all that is required to implement

a different filter. As to be expected, a hardware implemen-

tation is not as flexible. On the other hand, a digital

computer implementation is inherently slower than the hard-

ware implementation. Furthermore, hardware implementation

may be cheaper in terms of hardware cost, but more expensive

in terms of development cost. No matter which particular

form is chosen, the so-called "finite word length effects"

should carefully be taken into account for any useful imple-

mentation of a digital filter. These effects stem from the

:.*"

t 1
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fact that any digital computer or digital network operates

- with finite number of bits. Thus, signal quantization,

filter coefficient quantization, and register overflows

must be expected. Depending upon what particular structure

.one wants for a filter implementation, these effects,

commonly called the "finite word length effects," will result

in significantly different filter responses.

A desirable implementation of a digital filter is

the one that minimizes the effect of finite word length on

the filter performance. We will term such an implementation

the "low sensitivity realization." The main purpose of this

study will be to examine from literature, various low sensi-

tivity structures, analyze bounds on their performance and

present a comparison of these realizations in terms of

coefficient sensitivity and round-off errors. The work
.

presented here will be based on computer simulation of digi-

tal filters using register lengths of variable number of

bits and the finite precision arithmetic.

Scope of This Study

This study involves both theoretical and experimental

investigations. The main goal of this thesis is to implement

typical digital filters of the low-pass, band-pass, and high-

pass type using various structures reported in literature.

Then, taking into account the finite word length limitations

of digital machines, the filter will be theoretically analyzed

for register overflows, amplitude response errors, and limit

2



cycling (if any). These theoretical predictions will be

compared with digital filters of various word lengths simu-

lated on the digital computer in the AFIT Digital Signal

Processing Laboratory.

Organization of This Thesis

This thesis has been organized as follows. Follow-

ing this introduction chapter, Chapter I, we present in

Chapter II a brief review of the theory, terms and defini-

tions that pertain to digital filters. Included here will

be the finite impulse response (FIR) and infinite impulse

response (IIR) filters, digital filter realizations, number

systems and their properties.

In Chapter III, some recently reported and some

commonly known structures for the realization of digital

filters, both for IIR and FIR filters, will be reviewed.

Various issues related to the finite word length of digital

systems will be described here. Furthermore, a sensitivity

analysis of the various filter structures described in this

chapter will be presented along with theoretical upper

bounds on their performance and limit cycling (if any) due

to the round-off noise effects.

In Chapter IV, simulation examples of the digital

filter structure described in Chapter III will be presented.



Finally, in Chapter V, a conclusion of this study

..- ,. will be presented, and possible directions for future work

on this subject will be outlined.

9..
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II. Digital Filter Preliminaries

Introduction

A digital filter can be represented by a network

which contains a collection of interconnected elements.

Analysis of a digital filter is the process of determining

the response of the filter network to a given input.

This chapter is an introduction to the basics of

digital filters. A brief review of basic definitions,

* terminology and mathematical preliminaries related to the

digital filter will be presented here.

The Digital Filter As A System
A digital filter can be defined as an operator

which transforms an Input sequence x(n), n=O, ±1, ±2, ±3 ...,

into an output sequence y(n) , written symbolically as

{y(n)} - T(x(n)} (2-1)

where T is the transformation operator. We will be con-

cerned here with the class of operators which are termed

linear and shift invariant. An operator T is linear if the

principle of superposition holds; i.e., if

{yl(n)) T{xl(n)}

and

{Y2(n)) - T{x 2 (n)}

qp~ 5



then

{alyl(n) + a2y2 (n)' = Talxl(n) + c2x2 (n)} (2-2)

where a1 and a2  are constant.

An operator T is shift invariant if a shift of m

in the input sequence {x(n)} produces the same shift m

in the same direction in the output sequence {y(n).

That is,

{y(n-m)) - T{x(n-m)) (2-3)

A digital filter satisfying the properties defined

by Equations (2-2) and (2-3) above is called a linear shift-

invariant digital filter.

A more restricted class of linear time invariant

digital filter can be defined by imposing causality and

stability. A causal system is the one for which the output for

any n-n o  depends on the input for n~no  only; i.e., if

the input sequences xl(n) and x2 (n) are such that

xl(n) - x2 (n) for nn o

and

xl(n) ' x2 (n) for n>n 0  (2-4)

then, the output sequences yl(n) and y2 (n) are related as

l y1 (n) - y2 (n) for nn o  (2-5)

6
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This is illus trated in Figure 1.

xi~n x(n)

non noo

0 0SY2(

no no

(a) (b)

Figure 1. Illustration of Causality: (a) Response to
x1(n), (b) Response to X2 (n)

A stable system is one for which evcry bounded input

produces a bounded output. In this study, %%e will only con-

sider causal and stable digital filters. Furthermore, without

N .

7
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loss of generality, we will assume that the input to the

' "digital filters discussed in this thesis are sampled time-

domain signals, and that the outputs are also sampled time-

domain signals specified at the sampling instants nT, n = 0,

±1, ±2, .... Thus, instead of the nomenclature "shift-

invariant," we will use "time-invariant." Furthermore, we

'will assume that the sampling rate employed satisfies the

Nyquist criterion given by the following statement of the

sampling theorem.

The Sampling Theorem. A band limited signal having

no spectral components above a frequency of B Hz is deter-

mined uniquely by its values at uniform intervals spaced no

1
more than -" second apart.

For proof, the reader is referred to [1] or (2].

Fundamental to the design of linear, time-invariant

digital filters is the Z-transform concept. We, thus,

briefly review the essentials of the Z-transforms.

The Z-Transform

The two-sided Z-transform X(z) of a sequence x(n)

is defined as

X(z)- Zx(n) z- n  (2-6)

where z is a complex variable of the form z = a + jw

If the summation proceeds for n>O , we have the

one-sided Z-transform Xl(z) defined as
.. . ,8

ON....-
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X1 (z) = ix(n) z-  (2-7)•" n-0

The infinite series of Equations (2-6) and (2-7) does not

always converge. However, we assume that for the sequences

of interest here, the series do converge.

If the Z-transform of a sequence x(n) exists, then

the sequence x(n) can be recovered from X(z) via an

inverse operation called the inverse Z-transform, given by

1 zn-1x(n) -= X(z) dz (2-8)

Here, C is a counterclockwise closed contour in the region

.of convergence of X(z) , and encircles the origin of the

Z-plane. The details of the contour integration of

4 Equation (2-8) are outlined in [3] and [4].

A few properties of the Z-transforms and the rela-

tionship of the Z-plane with the S-plane which will be

useful in the subsequent development are reviewed next.

(a) Linearity. Consider two sequences x(n) and

y(n) , with Z-transforms X(z) and Y(z) respectively;

i.e., symbolicly,

Zlx(n)] - X(z)

and

Z[y(n)] - Y(z)

.99

4...-
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then, for constants a and b

Z~ax(n) + by(n)] = aX(z) + bY(z) (2-9)

(b) Shift. Consider a sequence x(n) such that

Z[x(n)] = X(z)

then

Z[x~n_+m)] - z -+m X(z) (2-10)

Thus, for example, for constants a, b, and c

Z[ax(n) + bx(n-1) + cx(n-2)] - aX(z) + bz- 1 X(z)

+ cz- 2 X(z)

(c) Convolution of Sequences. The convolution sum

of two sequences x(n) and h(n) is defined by the follow-

ing two equivalent summations:

+0

Z x(k) h(n-k)

k4-c

+0n

E x(n-k) h(k) (2-11)

If, for a linear time invariant filter, h(n) and

x(n) represent its impulse response and input, respectively,

then its output y(n) is given by the above two summations.

Denoting the convolution by *, we then write

-,_Q

~- 10

V.
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I

y(n) = x(n) * h(n) (2-12)

Convolution in the time domain is equivalent to the multi-

plication in the Z-domain. Thus

Y(z) - X(z) H(z) = H(z)X(z) (2-13)

where

Y(z) - Z[y(n)]

X(z) - Z[x(n)]

1H(z) = Z(h(n)]

(d) Initial Value Theorem. If lim X(z) exists and

x(n) is zero for n<O , then

x(O) = lim x(n) = lim X(z)
n-PO z-).W (2-14)

For example:
9.

x(n) - u~n)[ 1 +2 in1

where u(n) is the unit step. The Z-transform of x(n)
is

Z[x(n)] - X(z) - (2z-1)z

2(z-l)(z+0.5)

Initial value in time-domain and Z-domain are

lim x(n) = 1
n+O

A-. i l\ ¢3%*
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limi X(z) =1

So,

lrn x(n) = ur X(z)

(e) Final Value Theorem. If X(z) converges for

1zI>1 and all the poles of (1-z)X(z) are inside the unit

circle, then

lim x(nT) = lim [((-z )X(z)] (2-15)
n-- Z-+1

Mapping to the Z-Plane. The relationship between

points in the Z-plane and the S-plane is des,.ribed by

Z- eTs (2-16)

where

e - 2.73

. T - sampling time

z - Z-plane parameter

s = S-plane parameter in the complex form of a+jw

The transformation can be investigated by inserting

s -a+Jw into Equation (2-16) to obtain

z =eaT ejwT (2-17)

12



Sampling time can be found from

<-rr

T- 2T (2-18)W
s

where w is sampling frequency. Let us substitute Equa-ls

tion (2-18) into Equation (2-17). Therefore

aT j2rw/w(s
z = e(2-19)

Equation (2-19) shows that:

1. Lines of constant a in the S-plane map into
- a1T

circles of radius equal to e in the Z-plane. Specifi-

cally, the segment of the imaginary axis a in the S-plane of

width ws maps into the circle of unit radius in the Z-plane.

So, the condition for stability is that all roots of the

characteristic equation lie within the unit circle.

2. Lines of constant w in the S-plane map into

radial rays drawn at the angle wT in the Z-plane. The por-

tion of the constant w line in the left half of the S-plane

becomes the radial ray within the unit circle in the Z-plane.

The corresponding paths, as discussed above, are shown in

Figure 2. For further detail, the reader is referred to [5].

Classification of Digital Filters

In general, linear shift-invariant digital filters

are classified into two major groups:

13
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. 1. IIR (Infinite Impulse Response) filters or

recursive filters.

2. FIR (Finite Impulse Response) filters or non-

recursive filters.

Infinite Impulse Response Filters. A filter defined

by an impulse response sequence for which the range of non-

V' zero values extends to positive infinity, negative infinity,

or both. The current output for IIR filters depends upon

current and/or previous inputs as well as previous outputs.

This input-output relationship satisfies the difference

equation,

N M
y(n) =-Z aky(n.-k) + Z bkx(n-k) (2-20)

k=1 k=O

where

y(n) = output sequence

x(n) = input sequence

ak,bk = digital filter coefficients

• N,M = the number of poles and zeros, respectively

In the Z-domain, Equation (2-20) can be represented

:" by its transfer function H(z), which in this case has a very

simple form.

Y(z) = H(z)X(z) (2-21)

:...,. kv. - 15

%~
% %



where H(z), the filter transfer function, is given by

M k
Z bk Z

H(z) = N (2-22)

k-ik1 + N ak

The roots of numerator and denominator polynomials are

the zeros and poles of the filter, respectively, in Equa-

tion (2-22). The poles determine the stability of digital

filters. Thus, if the poles of a digital filter are inside

a unit circle in the Z-plane, the filter is stable.

Finite Impulse Response Filters. A filter defined

by an impulse response sequence which is nonzero over only

a finite range and the output is independent of previous

0 output. In this case, the filter coefficients satisfy the

following conditions in Equation (2-20)

ak= 0 for k7 0 (2-23)

The difference Equation (2-20) reduces to

M
y(n) = Z bk x(n-k) (2-24)

4. k=O

and, hence, the transfer function in Z-domain reduces to

M
H(z) = Z bk z (2-25)

k=O

16
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M
If the above equation is multiplied by we get
J ZM

M
Z bkzMk"<,.-k-0O

H(z) - (2-26)''. M
z

It is obvious from Equation (2-25) that FIR filters have

only finite zeros; all the poles of these filters are located

.'P. at z= 0 .

The choice between an FIR filter and IIR filter

depends on the application. High selectivity can easily be

achieved with low-order transfer function in application of

IIR filters by placing the poles anywhere inside the unit

circle. In the case of FIR filters, this can be done only

by using a relatively high order for the transfer function.

In practice, the cost of digital filter tends to increase

and its speed tends to decrease as the order of transfer

'4 function is increased. Hence, for high-selectivity appli-

cations, the choice is expected to be an IIR filter. How-

ever, FIR filters have two attractive properties. First,

there is the possibility of designing exact linear phase,

required in many applications. Second, FIR filters are

never unstable. A detailed consideration about this subject

is given in [6].

17
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Realization

: , From Equations (2-22) and (2-25) in the previous

section, it is obvious that the basic operations required

for realization of these equations are additions, shift and

multipliers. The interconnections of these basic operations

specify the filter structure.

There are an infinite variety of structures that

will result in the same relationship between the input

samples x(n) and the output samples y(n) . The selec-

tion of the filter structure is very important in design

process because it directly affects the efficiency and

performance of the filter. Further details of the various

digital filter structures and their effect on the efficiency

and performance of digital filters will be discussed as

needed in the chapters that follow.

As discussed in the previous chapter, the process

* of quantization is fundamental to digital filters. The

following section is concerned with a brief description of

this important aspect of digital machines.

Quantization

After the selection of the filter class and structure,

the next step is the realization of this structure via a

general purpose computer or special purpose hardware.

Either way, there is an inherent limitation on accuracy,

because all digital networks operate with only a finite

18



number of bits, which in turn specify the register word

length. This means that the coefficients used in implementing

a given filter will, in general, not be exact, and therefore

the poles and zeros of the filter will be different from the

desired poles and zeros. This movement of poles and zeros

causes errors in the desired output of the digital filter,

and in the IIR case, may even make it unstable!

The quantization of coefficients and signal in

implementing a given filter is achieved either by rounding

or by truncation (chopping). We thus discuss rounding and

truncation in the binary domain in the following paragraphs.

Rounding. In rounding, a one or zero is first

added to the t bit (t is the number of bits in the register

word length excluding sing bit) according to whether the

S (t+l)'th bit is one or zero. Then, only the first t bits

of the results are kept. For example, let us assume arbi-

trary number for coefficients or signal a = 0.234 and the

register word length t = 7 . The binary representation of

this number is 0.001110111. Since the word length is limited

to seven bits and the 8th bit is a one, one is to be added

to the 8 th bit of numbers. Then, the result is 0.0011110.

So, the number will be realized as 0.0011110 instead of

0.0011101111 . ...

Truncation. In truncation, those bits beyond the

most significant t bits are simply dropped. Thus, in the

above example, the number used in rounding will be realized

19
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as 0.0011101 if computations are based on truncation tech-

nique.

The error resulting from number quantization will

change the desired input and filter coefficient. This error

can be classified in various categories as follows:

1. Input-quantization errors

2. Coefficient-quantization errors

3. Product quantization errors.

In addition the word length, the accuracy of a

digital filter depends on two important factors: (1) the

type of arithmetic used, and (2) as stated before, the

form of realization.

Number Representation

Before studying the error behavior of digital

filters, it is necessary to describe how the numbers, used

in the implementation, are represented. The implementation

of digital filter is based on the binary number representa-

tion. Binary number is represented as a string of binary
S.

digits (bits) that are either zero or one with a binary

point dividing the integer part from the fractional part.

There are two possible ways of specifying the posi-

tion of the binary point in a register: one, by giving it

a fixed-point position, which is known as "fixed-point

binary number representation," and the other, by employing

xz.. 20
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a floating-point which is known as "floating-point number

representation." In fixed-point, binary point is always

fixed in one position. The two positions used are: (1) a

binary point in the extreme left of the register which makes

the number fraction, and (2) a binary point in the extreme

right which makes the number integer. For example, let "a"

be the arbitrary binary number and A the binary point.

a = A 10110101

(binary point in the extreme left position)

a = 10110101

(binary point in the extreme right position)

In a floating-point arithmetic, no specific physical

position of the register is assigned to the binary point.

The numbers need two registers. The first represents a

signed fixed-point number and the second, the position of

the radix point. The contents of the first register are

called the coefficient or mantissa and the contents of the
second register is called the exponent (or characteristic).

Floating-point is always interpreted to represent a

number in the following form:

c.re

where c represents the contents of the coefficient register

and e , the contents of the exponent register. For example,

4 21
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the number +1001All0 can be represented as follows:

" 0100111000 00100
(coefficient) (exponent)

The first bit, at the extreme left in both registers,

represents the sign bit. Zero stands for positive, and one

stands for negative numbers. For detailed information about

the number representation, the reader is referred to [7] or

[8]. This study will be based on fixed-point binary number

representation, with the binary number in the extreme left

of the register, representing the sign of the number.

There are many other schemes for the representation

of negative numbers. The reason that this particular scheme

was chosen for number representation, as we will discuss

later in this chapter, is to make the handling of addition

and subtraction easy. In this number representation, when the

number is negative, the sign is represented by a "1" in the

extreme left position of the register, and the rest of the

number may be represented in any one of the following three

different ways:

1. Sign-Magnitude

2. Sign-l's complement

3. Sign-2's complement

As an example, the binary number 6 is written below

by using 4-bit available register in the three representa-

tions.

: "~ 22
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+6 -6

-- Sign-magnitude 0110 1110

Sign-l's complement 0110 1001

Sign-2's complement 0110 1010

The "0" in the left-most bit of the register represents the

,- positive numbers. As we can see from the above example,
the representations of positive number are the same in all

systems. The magnitude of sign-l's complement is obtained

Rby exchanging 0 and 1 in sign-magnitude representation.

Then, two's complement is obtained by adding 1 to the sign-l's

complement. In this study, the numbers are represented by

sign-magnitude. However, when they are added or subtracted,

they are represented in sign-2's complement. The basic

0operations of shifts, additions, and multiplication are next
discussed in the number system used in this thesis.

Shifts

Shift is the basic operation of binary multiplaction,

and can be a shift-left or a shift-right. In any case, the

sign bit should remain the same. In arithmetic, shift-left

multiplies a signed binary number by 2. In arithmetic,

. shift-right divides the number by 2.

Addition

The addition can be done in all number systems; but

S "the easiest way to handle the addition is sign-2's complement

. .. 23
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addition [7]. Both augend and addend are represented in

sign-2's complement and the sum is obtained in sign-2's

complement also. The advantage of sign-2's complement

addition over the others is that the sign bit is automatic,

and thus, one does not have to worry about it. An example

is shown below

-9 1110111
+-9 + 1110111

-18 1101110

As we can see from the above example, including

sign-bit is added and a carry in the most significant (sign)

bit is discarded. For further detail about this, the reader

is referred to the reference [81 or [9]. Another problem

MN that we can run into during addition is overflow. When two

numbers of n digits each are added and the sum occupies

n+1 digits, we say that an overflow has occurred. There

are a variety of ways of checking the overflow. In this

study, we handle overflow by setting another bit after sign

bit to the augend register. Let us look at an example:

first without checking overflow and the second with checking

overflow.

-35 1011101
+ -40 + 1011000

+53 0110101 incorrect

-35 01011101+ -40 + 1011000

-75 10110101 correct

24
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Multiplication

,-< .-; In digital filter implementation, multiplier is the

device which takes most of the time. Both multiplicand and

multiplier require n bit register to represent the

number in sign-magnitude number system. But, the product

register requires 2n bit register to get the correct result.

Multiplication of two fixed-point binary numbers in

sign-magnitude representation is done with paper and pencil

by successive additions and shifting. For example,
...

6 110
x 3 x 011

18 110
110000

-S'" 10010

The sign of the product is determined from the signs

-- of the multiplicand and multiplier. If they are alike, the

sign of the product is plus. If they are unlike, the sign

of the product is minus.

In digital filter implementation, it is convenient

to change the process slightly for multiplication explained

above. Instead of providing digital circuits to store and

add simultaneously as many binary numbers as there are ones

in the multiplier, it is convenient to provide circuits for

the summation of only two binary numbers and successively

" accumulate the partial product in a register. The previous

numerical example is repeated here to clarify the proposed

25
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multiplication process:

multiplicand 110

multiplier 011

1st multiplier bit=1 copy multiplicand 110

shift right to obtain partial product 0110

2nd multiplier bit=1 copy multiplicand 110

add multiplicand to previous partial product 10010

shift right to obtain 2nd partial product 010010

3rd multiplier bit=0, shift right to obtain
the final product 0010010

We can ignore the zeros at the left hand side; thus,

we can easily see that the above is the same result as we

obtained with the hand calculation.

Summary

In this chapter, we reviewed a number of basic defi-

nitions related to digital systems, including realization,

quantization and number systems.

The definition of digital filters, linearity,

causality, and stability were presented and the z-transform

"Q was reviewed. Some theories in z-transform such as linearity,

shift, convolution, initial and final value, and the relation

between the s-plane and the z-plane were studied.

The two broad classes of digital filters such as FIR

and IIR were considered and their comparisons were made. The

definition of realization and quantization, type of

26



quantization, such as rounding and truncating, were out-

lined.

Finally, number systems such as floating point, fixed

point, signed magnitude l's complement, 2's complement and

arithmetic operations such as shift, addition, multiplication,

and overflow problems were reviewed.

p d
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SIII. Realization and Sensitivity Analysis

Introduction

The realization is the step in digital filter

implementation process that converts a given transfer func-

tion into an algorithm or a network. The realization step

is carried out on the assumption that the arithmetic devices

to be employed are of infinite precision. Since practical

devices are of finite precision, it makes the realization

of digital filter more complicated.

There are various types of filter structures; and

due to the effect of finite word length registers, each one

of them gives slightly different output response for the

same transfer function. Therefore, it is important to find

the filter structure which has the lowest effect on the

output response of the filter.

In this chapter, previously well-known filter struc-

tures and a recently reported new structure [13] will be

discussed for both IIR and FIR systems. Considered struc-

ture are direct, cascade and parallel, as well as a newly

reported structure, the so-called "Nested Structure" (NS).

Along with the realization of the filter structure, the

sensitivity will be analyzed. To do this, it is more con-

venient to consider IIR and FIR filters separately.

,.'28
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Direct Form

It is one of the simplest forms of realization, and

* can be obtained by examining Equation (2-20) for IIR and

Equation (2-24) for FIR filters. Kaiser [113 has shown that

the sensitivity of the filter response to the accuracy of

representation of the denominator coefficients in the hIR

direct form increases very rapidly with increases in filter

order compared to either the cascade or the parallel form.

N. However, in this study, it is shown that the same is not

true for FIR filters.

hIR Filters. This filter is characterized by an

input-output relationship of Equation (2-20), or equiva-

lently by its Z-domain transfer function H(z), which is

given by Equation (2-22). For the purpose of realization,

Equation (2-22) can be written in the alternative form

-z 0 1 2-M

+a-1 Z +b 2 z + +.. +Nz(

H•) 1.az 9-.. +z'(31

The direct form is simply defined to be a straightforward

implementation of Equation (2-20) or Equation (3-1). The

. corresponding digital filter structure is shown in Figure 3.

Note that the direct form has the minimum number of delay elements.

FIR Filters. The input and output relationship of

U FIR filters is expressed by Equation (2-24), rewritten below

for convenience, and labeled by (3-2).

29
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M
y(n) = Z h(k) x(n-k) (3-2)

k=O

The transfer function H(z) in the Z-domain can then be

expressed as,

M
H(z) Z E h(k)z- k (3-3)

k=0

H(z) is a polynomial in z- 1 of degree M. Thus, H(z) has

M poles at z=0 and M zeros that can be anywhere in the

finite Z-plane. The structure shown in Figure 4 is simply

a straightforward implementation of Equation (3-3). It is

obvious that the direct form structure for FIR systems is

a special case of the direct form structure for IIR systems

when all the coefficients ak of Equation (2-20) are zero.

Cascade Form

Cascade structure is obtained by factoring the

th
numerator of the transfer function H(z), which is an n

order polynomial in z 1 , into numerous second order factors

involving the powers z - , z - , and z Each one of these

second order polynomials is then realized as a second order

filter section. Cascading these sections results in the

required digital filter. There is clearly considerable

freedom in the choice of the ordering of these sections.
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Cascade structure tends to have comparatively low sensi-

- tivity to the filter parameter variations (1].

IIR Filters. Digital filter transfer function H(z)

expressed by Equation (2-22) can be factored into a product

of second order transfer function as

M
H(z) RI H (z) (3-5)

m ii-i

where

z-1 z-2
b0  + b1 z + b 2 z

Hit" =-1 -2
1 + z a (3-6)

Each Hi(z) is then realized separately. The resulting

filter structure is shown in Figure 5.

There is considerable flexibility in the manner in

which the poles and zeros are paired together and in the

order in which the resulting second-order subsystems are

cascaded. However, they have slightly different response

due to the finite word length effect. We will show some

examples to illustrate this phenomenon in Chapter IV.

FIR Filters. Similar to IIR filters, the digital

filter transfer function HCz) expressed by Equation (2-25)

can be factored into a product of second-order transfer.

-33S°
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function is

-- - M

H(z) = H.(z) (3-7)

U, where

H I(z) =b 0  + b z - 1 + b2 z 2  (3-8)
i 0 1"1 i

The corresponding filter structure is shown in

Figure 6.

We have seen that each second-order section of FIR

filter is the special case of the second-order section of

IIR filter in which all the poles are located at z=O.

Parallel Form

One of the important parameters in digital filter

implementation is the computation time required to get the

output response from the given input which, in turn, depends

%- '.on the operational speed of each device used between the

'. input and the output. When the speed is important in

implementation, parallel form is very convenient.

Parallel form, similar to cascade form, is obtained

by partial fraction expansion of the transfer function H(z),

-2 -1into numerous second order factors involving the powers z- , z

- and z - 0 Each one of these second-order factors is then realized

U35
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as a second order filter section. Instead of cascading,

connecting in parallel of these sections results in the

required digital filter.

IIR Filters. Digital filter transfer function H(z)

given by Equation (2-22) can be expressed as a partial-

fraction expansion in the form

M
H(z) - i Hi(z) (3-9)

where Hi(z) is of the same form as given by Equation (3-6).

These second-order transfer functions Hi(z) are

then connected in parallel. The result is the filter

structure shown in Figure 7.

FIR Filters. Digital filter transfer function H(z)

given by Equation (2-25) can be expressed as a partial

fraction expression in the form:

M
H(z) =Z Hi(z)

i=1

where Hi(z) is the same as Equation (3-8). The corres-

ponding structure is shown in Figure 8.

Nested Structure

6The direct form, as expressed before, is generally

more sensitive to the effects of coefficient quantization

in fixed-point implementation, if the dynamic range of the

'S 37
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Filters
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coefficients is large (as is typically the case). The

cascade form, on the other hand, reduces the dynamic range

and thereby decreases sensitivity. But the realization in

the latter case is more complicated because care must be

taken to properly order various sections to avoid overflow

and to minimize roundoff noise.

Nested structure promises to be an easy and attrac-

tive solution to the finite word length problems [13]. The

transfer function of a nested structure filter can be

easily derived by the nesting of the direct form transfer

function H(z) as shown below.

IIR Filters. Instead of writing the summation in

natural form, as shown in Equation (2-22), let it be

arbitrarily permuted. Thus

M -Pk
. b Z

H(z) - k=0 (3k0
NW k=kP (3-10)N -Pk

1+ Z a Z
k=1 Pk

where Pk's are the permuted elements of the set [0,1,2,...}.

Equation (3-10) can be rewritten in the form

"- p 0 P l P M". b z + b + ... + bz

"". ~ ~H(z) = apz-l P

1 + z + . .+ a pN

p 1  P

-P0 ,Pl -PM) ...)
c0(z + Cl(Z + ... + cMz

"" PP -p 2 PN
1 + d2(z + ... + dNz )...) (3-11)

40
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where

b

k 
k

Pk- 1

-. d =a
N.'1 p1

a

d = a ,k k =2.,N(3-12)

Pk- 1

Equation (3-11) can be written in alternative form

-p 0  -pl 1  + . M4  ..
c z (1 + c (

H(z) _ _ _ _ _ _ _ _ _ _ _ _ _

1 + d z-p (1 + d z P(1 + ... + dz )..) (313

Corresponding filter structure for Equation (3-11)

is shown in Figure 9 for the case M = N

FIR Filters. Similar to the IIR case, Equation (2-25)

can be permuted to obtain:

H(z) Z b z (3-14)
k=0 Pk

Equation (3-10) can be rewritten in an alternative form:

H(z) =eo(z + e1 (z + *...+ e z ).)(3-15)
a.M

a.41
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where

b~p 0e e0  bP

b
pn n =1 to M (3-16)

e

Pn-1

Equation (3-15) can be expressed in a slightly different

form as follows:

-Po -Pl e-PM
H(z) = e0z (1 + e z (1 + ... + e...) (3-17)

Corresponding filter structure for Equation (3-15) is shown

in Figure 10.

Cascade-Nested Form

Similar to the direct form, the equation for a

• .nested structure transfer function can be factored into

numerous second order factors involving the powers z 
- 2 , z- 1

and zO . Each one of these second order polynomials is then

realized as a second order filter section. Cascading these

sections result in the required digital filter.

IIR Filters. Nested filter transfer function H(z),

expressed by Equation (3-11) can be factored into a product

of second order transfer functions as

M
H(z) = i HRi(z)

JJ
5 -4
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- •where

c 0 (Z + Z z ))
H (z)= 1 1 1

1+di(z + d2 z ) (3-18)
i 1

Corresponding filter structure is shown in Figure 11.

X(z)Zf-
C1. C Co Y, (N)1

C'4

• ,,YM_ I (N)

Figure 11. Cascade-Nested Structure for IIR Filters
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FIR Filters. Similar to hIR filters, nested filter

transfer function H(z) expressed by Equation (3-15) can be

factored into a product of second order transfer functions

as

M
H(z) = H Hi(z)

where

-Po -P1 -P2
Hi(z) = e0(z + el(z + ez )

Corresponding filter structure is shown in Figure 12.

X(z )

, .4

" '"z- Y 41

i' YM ( z)

• ,.5.,.

.o5-

%; 
r

• ...-. Figure 12. Cascade-Nested Form for FIR
| Digital Filters
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Parallel-Nested Form

. Similar to cascade form, parallel form is obtained

by expanding the nested structure transfer function equations

into numerous second order factors involving the power z
- 2

and z0  Each one of these second-order factors

is then realized as a second order filter section. Instead

of cascading, as above, connecting these sections in parallel

revults in the required digital filter.

IIR Filters. The nested filter transfer function

H(z) given by Equation (3-11) can be expressed as a partial

fraction expansion in the form

M
H(z) = E H.(z)

i= 1

where Hi(z) is the same as Equation (3-18).

Corresponding filter structure is shown in Figure 13.

FIR Filters. Similar to IIR filters, nested filter

transfer function H(z) expressed by Equation (3-15) can be

expressed as a partial fraction expansion in the form

H(z) -Z HiCz)i,,1

where Hi(z) is the same as Equation (3-18).

Corresponding filter structure is shown in Figure 14.
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Sensitivity Analysis
The sensitivity is commonly defined as "Any change

in the component characteristic that causes a change in the

transfer function." In digital filter implementation, the

desired transfer function is calculated on the basis of infinite

precision arithmetic. But, in actuality, all the components,

like multipliers, storage devices, and adders, work with

finite number of bits. This fact will cause the change in

the transfer function of the digital filter which is calcu-

lated based on infinite precision. This change is known as

the sensitivity of the transfer function and is given by:

S a {IH(z) I - Re{S aiH(z)) = Re{H-Cz Da ) (i3-19)

V
where H(z) is the transfer function of the digital filter, and

ai is the system parameter that varies. There are many

different criteria of sensitivity that have been used in

digital filter implementation. However, the fractional

change in the transfer function magnitude due to a change in

the multiplier coefficients, or the change in the location of

the poles due to change in the multiplier coefficients are,

in most cases, reasonable criteria of sensitivity.

A-. As we pointed out earlier in this chapter, different

filter structures for the same transfer function have dif-

ferent response characteristics. In other words, sensitivity

of a digital filter depends heavily upon the particular
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realization. We next examine the sensitivity versus realiza-

tion relationship for the various realizations discussed so

far in this thesis.

Sensitivity Analysis in IIR Filters

Direct Form. Let us rewrite Equation (2-22) as:

M -
Z bz-k

k--0
H(z) = N

1+ akzk
k-ik

The multiplier coefficient ak and bk will be quantized

to ak and bk " Thus,

k - ak - Aak

b k = bk - Abk (3-20)
-4

where Aak and Abk are error quantities which are statis-

tically independent and uniformly distributed [103. There-

fore, the realized transfer function will be

MA ,k-k
k-O

H(z) - N

1+ E kzk
k= k (3-21)

If we let g(n) denote the actual filter-output and let

y(n) denote the ideal filter output due to the same input

x(n) , then by using Equation (2-20) the error e(n) in the
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two outputs is given by

e(n) - 9(n) - y(n) (3-22)

l::.

or

M N
e(n) -- E Abkx(n-k) - E a e(n-k)

k=O k= 1

N N
- Aaky(n-k) - E Aake(n-k) (3-23)

k=1 k=1

Assuming that the error e(.) and the quantization errors

Aak are small, the last term in Equation (3-23) can be

neglected. Furthermore, if we let M equal to N, Equation

(3-23) can be written as

N N N
e(n) Z E Abkx(n-k) - E ake(n-k) - Z Aaky(n-k) (3-24)

k=0 kw1 k=1

Combining and taking the Z-transform of Equation (3-22) and

Equation (3-24) will give

A N -k N -k
Y(z) - y(z) E oAbkz x(z) - E ak z

k-O k=1

N -
-((z) - y(z)) - E Aakz-y(z) (3-25)

k= 1

If we substitute y(z) = H(z)X(z) and 9(z) = H(z)X(z)

into Equation (3-25), the resulting equation can be arranged

as

52
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N N
" Abkz-k - Z Aa zkH(z)

H(z) - H(z) k=O k k=1

1+ akzk
k= (3-26)

Here H(z) - H(z) is a measure of the deviation of the

frequency response of the actual filter from the frequency

response of the ideal filter. In filter implementation,

., one possible measure of the effect of coefficient quantiza-

tion is the mean-square error in the frequency response, and

can be defined in terms of H(O) and H() as

7T

I. 2 1 f l (ej') - H(eJ)12d(3-27)

S.. -IT

1where H(ejw) and H(ejW) denote the quantized and ideal

frequency response of the transfer function, respectively.

Using the assumed statistical independence among Abk and

Aak , and substituting Equation (3-26) into (3-27), the last

equation reduces to

a b2 11 dz
a1Za -b+k I a k z

.k= = k

(N+akk) N(k )

N 2 1i (k kk=obkz __

+ Aak N _ 2 N 2 z
k-i + k)2k= k=1 (3-28)
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.' '.--



Equation (3-28) may be evaluated to any degree of accuracy

.-using a short digital computer program based on Figure 15.

2

k=12

N ]OZ

.. Figure 15. Technique for Measuring Variance of
Error Due to Coefficient Quantization

If the quantization is carried out by rounding with

quantization in steps of q, then Abk and Aak can assume

ayvalue at random in the range - to + ; thatis

Abk and Aak are uniformally distributed between - to

+ . The quantization step q is equal to 2 -t , where t is

* .* the number of bit used in the register to store the number.

Since the probability density p(-) of Aak or Abk is

assumed to be uniform, we have

k-- 1

-for- Aak

p(Aak) = p(Abk) =

an vau attanomerwiesan e .to3-2hais

54
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Therefore, the mean and the variance of Aak as well as

Abk are given by

E[Aak] = E[Abk] =0 (3-30)

.22 2
Icy a (3-31)Aak Abk 12

Substituting Equation (3-31) into Equation (3-28),

and denoting by aAHD  the error variance for the direct

form realization, we get

7T

2 N \2 1 dz-- k A 2 Tr N -) N k)z(k=Ob- (1+ akzk) (1+ akzk) Z

::= k== k

N '2 - (~b ) N _kN z

N 2 02

N~ 2= Z 2kEb

,-:- 0 k= d
T-.- - 1+ Z ik. Ea kz

.k= k= (3-32)

~where

',."N 2"'" 2
e.-.Z a = a

k=O k
I N 2 2

']'-. 12 (3-33)

and u and u are the number of nonzero coefficients in

the numerator and denominator of Equation (3-1), respectively.

Kaiser was one of the first to investigate the effect

of coefficient errors [11] on filter performance. Kaiser
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pointed out that small errors in the coefficients can cause

large shifts in the poles (or zeros) of the direct form

narrow-band IIR digital filters [11]. To see this, let us

suppose that the poles of H(z) are located at z=zi

i=1,2,...,N and that the poles of H(z) are located at

z=zi+Azi .,i=1,2,...,N Furthermore, let us rewrite the

denominator of Equation (2-22) in factored form as

N k N -

W a(1-k 1I (3-34)p(z) = 1 - L akz = II (1i- akZ )(-4
k=1 k=

The error Az. can be expressed in terms of the errors in

the coefficient as

N az.= Z 1
Az E 1 A i=12,..,N(3-35)

= k=1 3ak ak

Using Equation (3-34):

(Z) 
zi ( z))

=z. 1 k - k z=zi1

N-k9z i  z i
aak  N

n (zi=zk)
211

1 (3-35)

The poles of some H(z) are shown in Figure 16 for discus-

sion. The magnitude of the denominator of Equation (3-36)

is equal to the product of the lengths -,f the vectors from

all the remaining poles to the pole zi  shown in Figure 16.
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Im Z-plane

"2 Re

'2*

Figure 16. Representation of the Factors of
Equation (3-40) as vectors in Z-Plane

If the poles are very close to each other, then small changes

in coefficients will cause relatively large changes in the

location of poles. In other words, system will be too

sensitive to coefficient change. Furthermore, it is evident

that the larger the number of roots, the greater is the

sensitivity.

Cascade Form. The actual transfer function of digi-

tal filter realized in cascade form can be expressed as

N
H(z) = H Hi(z) (3-37)

i57
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where

,, -1 A .i-2
H(z) = ii z  2i

-1 -21+ aa2z + a2 z(3-38)

and N equals number of second order section. Each second-

order section contributes an uncorrelated error component

as described by Equation (3-32), and the total output error

is obtained by summing these various errors weighted by the

transfer function from their point of injection to their

respective outputs.

The output mean-squared error a can be easily

computed as follows by using the error model given in

Figure 17.

1 2

Figur 17 ErrMdlfrCse Fr

.22

.""AHc j 1 2ri /z ( 3-39)
jh 

r 
2j  T

r

where a can be found from Equation (3-31) by letting
AHD

N=2 , H(z) is the transfer function between the output of

the jth second order section and its input. Comparison of
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aAH with aAH is made by Knowles and Olcayto [12].

Since each pair of complex-conjugate poles is

realized separately, the error in a given pole is indepen-

dent of its distance from the other poles of the system.

For this reason, cascade form is to be preferred over the

direct form in the implementation of narrow-band hIR digital

filter.

Parallel Form. The actual transfer function of

digital filter formed in parallel can be expressed as

N^
H(z) = Z H.(z) (3-40)

where Hi(z) and N are the same as in the Equation (3-37).

As we expressed in cascade case, each second-order

section contributes an uncorrelated error component as

described in Equation (3-30) and the output error is simply

the sum of the various errors from the second order sections.

In Figure 18, the error model is shown for the parallel form.

x~n) ; H(z)

en

-2 en

HN(z)

Figure 18. Error Model for Parallel Form
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The output mean squared error can be easily computed

using the error model given in Figure 18.

2= N 22 1( AJ)
'AH (OAH)P. J=.. D (3-41)

where a is the error in parallel form realization and
AHp

N is the number of second order sections. Parallel form

is to be preferred over the direct form in the implementa-

tion of narrow-band IIR digital filter because of the same

reasons given for the cascade form.

Nested Structure. The nested structure transfer

function was derived in the last section. Let us rewrite

it below for convenience.

H 0z(z-C0(z + c l (z + + c z ) . )

-',.H(z) =,1_P P
1 + d1 (z + d2 (z ... + z )...)

where

co 0 b 0

b
c k -b

k11

d1  a

V .. : -
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"" '.1' d = aa

dk a" ,k=2,3,... ,N
mk k-1

so that

k

bPk - II cn  k=1,2,...,M-'- k n-O

x kk• 5" )--ak = n=0 dn k=2 ,3,.. , N ( 3-42 )

When the nested structure filter coefficients ck and dk

are rounded, the realized filter will have an effective

b 's and apk 's given by

k
b = H (cn)r , kl,2,...,M
Pk n=--

a = 1 (dn)r , k=2,3,...,N (3-43)

Pk n=l

where "A" denotes the effective value, and the subscript r

denotes the rounding operation.

The relative errors b and a , given by

Ek/bpk and Ek/aPk respectively, tend to grow with k

due to the cumulative errors in co  through ck and in

d 1through dk  Therefore, we redefine ck 's and dk 's

K' as

c0 b

K 61
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b bPk Pk
k""c - k-11,2,'''

S k-1 11 (c )r

n=O

a a

dk a -i k=23,...Nk . k-i '"'a
Pk-1 rn=O (3-44)

Now, the effective b becomesbPk

k-1
b = I C1c)d c~
kn r (Ck)r (3-45)

where

(k r = k + Ek k=1,2,...,M (3-46)

where ek is the rounding error. By combining Equations

(3-46) and (3-44) and substituting into Equation (3-45),

we get

b =b [
Pk Pk-1 bk]

Pk- 1

SPb b + b £k k=1,2,...,M (3-47)
Pk Pkc Pc-1
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Therefore, the error in coefficients b pk will be

E =b -b
bk: ":Ek Pk Pk

Ebk k- k-,2 , M (3-48)

Similarly, the error in coefficients a can be derived,
Pwith the result

E = a , k=2,3,...,N (3-49)E ak Pk-1 '''

The mean-square error in the frequency response can be
-.

derived from Equation (3-28). In Equation (3-48), Eb

and in Equation (3-49), Ea , are equal to Abk and Aak

respectively. If we substitute Equations (3-48) and (3-49)

into Equation (3-28) and assume that M equals N for simplicity,

then the mean square error a D for the direct form

nested structure will become

N 7r
2 2] 1 1 dzaAHND [ (bpk) 7F N. N k Z

=0D [kO-7r (1+ E akzk )(1+ E akz )
k=1 k=1

N N

+ aP k  N k) k zNk 1 1 fkO' -k k zLk-1 k 1 1+ akz I+ ak
k=k k=1 k(3-50)
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Similarly, cascade and parallel form nested structure can

be derived using the above procedure. The resulting mean

2
- square error a for cascade nested structure will be

MNC

2

2 N-1 AHND Hj (z)Hj (z-1 dza Z NDf7r zHNc j1 -7 (3-51)

j 2
where (a ) can be found from Equation (3-50) by letting

- ~ N=2. HJ(z) is the transfer function between the output of

the jth second order section and its input. The same error

model for computation can be used as shown in Figure 17.

Similarly, the result for parallel-nested structure

will be

2 N2
2 _ (a ( ) (3-52)""'"( HNP jl 1 %D

where a HNp  is the error in parallel form realization.

Figure 18 can be used for error model.

Sensitivity Analysis in FIR Filters

Direct Form. The transfer function of an FIR filter

is given in Equation (3-3). Let us rewrite the above

equation for convenience below.

M

H1(z) Z h~k)z~k
k=O

... ,,-

.,- \. 64
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After h 's are quantized, the realized transfer function~.,, ~k

$ will be

H(z) E h(k)z - (3-53)

As before, the measure of the effect of coefficient

quantization is the error in the frequency response which is

A denoted as

E~eJO) H(ei ) H~j'o)(3-54)

Therefore,

M
-. E(eJ') ID Z Ah(k) (3-55)

k=O

Since IAh(k)I :5 q/2 ,where q is quantization step,'

IE~eJw)D 5 N q/2 (3-56)

*Cascade Form. The actual transfer function of

digital filter formed in cascade can be expressed as

NA
* H (z) H . Hi(z) (3-57)

-. .1

where H () b0+ b1 z A -2z (3-58)

and N is the number of second order section.

'P 65
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Denoting by IE(eJ )IC the error in the frequency

response of this L.lter due to quantization, we can write

IE(eJw)IC = E IEi(eJ4)iID IHi(eJw)I (3-59)
i=1

where Ei(e j ) can be found from Equation (3-55) by letting

M=2 ; Hi(ei) in the above equation is the transfer func-

tion relating the output of the it h second-order section to

its input.
Parallel Form. The actual transfer function of

digital filter implemented in the parallel form can be

expressed as

H(z) = H Hi(z) (3-60)
i=i

A

where Hi(z) and N are the same as in Equation (3-58).

The output error in frequency domain is simply the sum of

the various errors from the second order sections. Thus,

-a- denoting by IE(ejO)Ip the error in the frequency of this
-

filter due to quantization, we get

N
IE(eJw)I = Z IEi(ejo)ID (3-61)-/', i=1

where lEi(e J )ID is the same as in Equation (3-59).

Nested Structure. The nested structure filter

transfer function was derived in the last section. Recall

-, 66a..
,,,.

,.11%°

,'4-" - ~ ~ .S.- ~ '5.. - S - ~ -



that the transfer function was expressed in Equation (3-14)

and the nested form transfer function was given in Equation

(3-15). Let us rewrite these equations below for convenience.

_-.M -Pk
H(z) = b z (3-62)

k=O Pk

;'[ Hz) 0( - p 0  -Pl -P)

H(z) =e(z 0 + e(z + ... + eMz (3-63)

where

e= b

b
so'that

e n

n  b=n

PE

n-

,',.-'.so that

n
bp k=O1 e k  (3-64)

E

The relative error in b is given by B---,:o. ; n Pn
where En = bpn - bpn tends to grow with n , due to

cumulative errors in e0  through en Therefore, we
0 n"

redefine en 's as follows:

67

"J............................................



b b
Pn _ Pn

-" en n- n=1,... ,n-1

Pn-I 1 1(en r
k=O (3-65)

where "^" stands for effective value and "r" stands for

rounding operation in Equation (3-65). Thus

(en)r = en + Cn (3-66)

where e n is the rounding error and is the same as explained

in IIR section. The effective b now becomes,

n-i b

= Z (e) (e) b
k= n r n r p n1

" bn kfi 0 Pn-1 b + s

pn-1 (3-67)

The error in coefficient b p 's will be

n Pn Pn

E n =b Cn (3-68)

Then the error quantity in frequency response can be com-

puted as

E(eJW) = HA(ej) - H(ejw)
M

iE(ejw)I =Z 16nEn (3-69)
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Summary

This chapter was directed toward the realization and

the related cause of sensitivity of digital filters. A

number of structures, such as direct, cascade, parallel,

nested, cascade-nested, and parallel-nested, were presented

for IIR and FIR filters.

One of the most important considerations in the

choice of a structure (realization) for implementation of

a filter is the low sensitivity. Thus, we presented the

sensitivity analysis for the various structures mentioned

.. above.

4.
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IV. Simulation of Digital Filters

Introduction

In this chapter we will simulate the FIR digital

filters, discussed in previous chapters, using many different

word lengths. The input-output relationship of the FIR

digital filters are given by Equation (2-23). First, FIR

digital filter coefficients and input in this equation will

be obtained according to user requirements. The input,

which is designed such that its values are all positive to

handle the two's complement addition easily, can be step,

multiple-step or sinusoidal function. Second, these coef-

ficients and input will be scaled to prevent the overflow

at the output of the digital filter. The absolut maximum

value of the scaled input signal will be less than .1.

Since the scaling technique for coefficients depends on the

type of filter, it will be discussed in the Simulation I sec-

tion. Third, all the numbers pertaining to the filters will

be quantized according to user requirements by either

truncation or rounding. Finally, the simulation results

depicting filter outputs will be obtained based on these

quantized data.

Simulation I

Tha FIR digital filters will be simulated based on

10 bits word length register. The input function to all
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the digital filters for simulation I will be the same as

shown in Figure 19. Corresponding input values for 20 points

* 4 is shown in the first column of Table I. The quantized

* input is shown in the second column and the scaled version

of the input appears in the third column of the same table.

TABLE I

INPUT SEQUENCES

xx x
-s -s

*.1000000E 00 .9960938E-01 .1000000E 00
.1000000E 00 .9960938E-01 .1000000E 00
.1000000E 00 .9960938E-01 .1000000E 00
.1000000E 00 .9960938E-01 .1000000E 00
.1000000E 00 .9960938E-01 .1000000E 00
.1000300E 00 .9960938E-01 .1000000E 00
.1000000E 00 .9960938E-01 .1000000E 00
.1000000E 00 .9960938E-01 .1000000E 00
.1000000E 00 .9960938E-01 .1000000E 00
.1000000E 00 .9960938E-01 .1000000E 00
VOOOOOE 00 .OOOOOOOE 00 .OOOOOOOE 00
.OOOOOOOE 00 VOOOOOE 00 .OOOOOOOE 00
.OOOOOOOE 00 .OOOOOOOE 00 .OOOOOOOE 00
.OOOOOOOE 00 VOOOOOE 00 VOOOOOE 00
.OOOOOOOE 00 .OOOOOOOE 00 .OOOOOOOE 00
.OOOOOOOE 00 .OOOOOOOE 00 VOOOOOE 00
.OOOOOOOE 00 .OOOOOOOE 00 .OOOOOOOE 00.OOOOQOE 00 .OOOOOOOE 00 .OOOOOOOE 00
OO O O E 0 O O O O 0 O O O E 0.OOOOOOOE 00 .OOOOOOOE 00 .OOOOOOOE 00

Direct Form. The fourth order low-pass FIR digital

4....filter coefficients with the normalized cut-off frequency of

.17 are obtained by using a rectangular weighting window.

Then, these coefficients are scaled, such that the summation

of the absolute value of the coefficients is less than .1,

to prevent overflow. Finally, the scaled coefficients are

4.', 71
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quantized according to user requirements by either trunca-

tion or rounding. Corresponding coefficient values are

shown in Table II. The designed coefficients appear in the

first, the quantized coefficients in the second, and the

scaled coefficients in the third columns of the table.

TABLE II

COEFFICIENT FOR DIRECT FORM

b b b--- S -S

.1343790E 00 .9765625E-02 .1119825E-01

.2789370E 00 .2148438E-01 .2324475E-01

.3400000E 00 .2734375E-01 .2833333E-01

.2789370E 00 .2148438E-01 .2324475E-01

.1343790E 00 .9765625E-02 .1119825E-01

The expected output denoted by Yexp (n) can be cal-

- . culated by using the equation below.

M
Yexp (n) =Z b s(n-k) (4-1)k=O Sk

where b and xs are the quantized and scaled coefficients;

and M is the number of coefficients. The expected output

for steady-state case is shown in Table XIII.

The actual output denoted by yact(n) can be calcu-

lated by using the equation below. The above equation is

very simular to Equation (4-1); however,

Mac(n) Z S (n-k)

k=O k (4-2)
"':::': 73
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The numbers used in Equation (4-2) are all binary. These

numbers are shown in Table III. The first column is

the second, bs, and the third, ts Yact*

TABLE III

BINARY NUMBERS RELATED TO EQUATION (4-2)
AA

-s -s act

0000110011 000000000001111111100
0000110011 000000000110011000000
0000110011 000000001110000101000
0000110011 000000010010011101100
0000110011 000000010100011101000
0000110011 000000010100011101000
0000110011 0000000101 000000010100011101000
0000110011 0000001011 000000010100011101000
0000110011 0000001110 000000010100011101000
0000110011 0000001011 000000010100011101000
0000000000 0000000101 000000010010011101100
0000000000 000000001110000101000
0000000000 000000000110011000000
0000000000 000000000001111111100
0000000000 000000000000000000000
0000000000 000000000000000000000
0000000000 000000000000000000000
0000000000 000000000000000000000
0000000000 000000000000000000000
0000000000 000000000000000000000
0000000000 000000000000000000000

Corresponding real numbers in the first column in

Table III will be used to plot the actual output which is

shown in Figure 20. The actual output for steady-state is

shown in Table XIII.

Cascade Form. As we mentioned in the previous

chapter, the cascade form can be obtained by factoring the

direct form transfer function. The digital filter studied
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"" for direct form can be factored into two second order digital

filters. Corresponding coefficient values are shown in

Table IV in the same way as in Table II for each second-

order section.

TABLE IV

COEFFICIENTS FOR CASCADE FORM

a. First Second-Order Section

b b
-s

.1000000E 01 .2539063E-01 .2631579E-01

.1777000E 01 .4492188E-01 .4676317E-01

.9999990E 00 .2539063E-01 .2631576E-01

b. Second Second-Order Section

b b b s

.1343790E 00 .3320313E-01 .3359476E-01
•.4007000E-01 .9765625E-02 .1001750E-01
.1343790E 00 .3320313E-01 .3359476E-01

The steady-state expected and actual output for

each second-order section can be calculated by using

Equation (4-1) and (4-2), respectively. The number of

coefficients denoted by M in both equations is two. The

steady-state expected and actual output of the first second-

order section will be the quantized input to the next second-

order section. The steady-state expected and actual output

of the last section will be the steady-state expected and

actual output, respectively. The steady-state expected

.. output is shown in Table XII and the corresponding binary

76
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values of each second-order section input, coefficients,

and actual output in Table V in the same way as in Table Ill.

Corresponding real numbers in the third column in

Table Vb will be used to plot the actual output which is

" shown in Figure 21. The actual output for steady-state is

shown in Table XIII.

Parallel Form. Each second-order section coeffi-

cients shown in Table IV are the same as for cascade form.

The steady-state expected and actual output is also calcu-

lated in the same way. But the steady-state expected and

actual output for parallel form will be the summation of the

steady-state expected and actual output for each second-

order section, respectively. The steady-state expected out-

put is shown in Table XII and the corresponding binary num-

ber values for the second second-order section input,

coefficients and actual outputs are shown in Table VI, using

the same scheme as the one for Table III. The actual output

of parallel filter is also shown in Table VI. The first

"p. second-order section binary number values are the same as

shown in Table Vb.

Corresponding real numbers in Table VIb will be used

to plot the actual output which is shown in Figure 22. The

actual output for steady-state is shown in Table XIII.

Nested Form. The filter coefficients studied for

-.- direct form will be used to get the nested filter coefficient

denoted by e. using the following equation.
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.'.--, TABLE V

BINARY NUMBERS RELATED TO EQUATION (4-2)
FOR CASCADE FORM

a. First Second-Order Section

-s Yact

0000110011 0000000011011000100

0000110011 000000000110110001100
0000110011 00000000111110001000
0000110011 000000001111100010100
0000110011 000000001111100010100
0000110011 000000001111100010100
0000110011 000000001111100010100
0000110011 000000001111100010100
0000110011 000000001111100010100
0000110011 0000001101 000000001111100010100
0000110011 0000010111 000000001000110001000
0000000000 0000001101 000000000110110001100
0000000000 000000000000000000000
0000000000 000000000000000000000
0000000000 000000000000000000000
0000000000 000000000000000000000
0000000000 000000000000000000000
0000000000 000000000000000000000
0000000000 000000000000000000000
0000000000 000000000000000000000

, - 0000000000 000000000000000000000
0000000000 000000000000000000000

. 78
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TABLE V (continued)

b. Second Second-Order Section
A 6 A

-s s act

0000000001 000000000000001101000
0000000010 000000000000100010100
0000000011 000000000000111111100
0000000011 000000000001010011110
0000000011 000000000001011111000
0000000011 000000000001011111000

- 0000000011 000000000001011111000
0000000011 000000000001011111000
0000000011 0000010001 000000000001011111000

;-, -0000000011 0000000101 000000000001011111000
;''K,. .0000000011 0000010001 000000000001011111000

0000000010 000000000001010011110

- 0000000001 000000000000111111100
0000000000 0000000000001000101O0
0000000000 000000000000001101000
0000000000 000000000000000000000
0000000000 000000000000000000000
0000000000 000000000000000000000

-;d0" 000000000000000000000
0000000000 000000000000000000000
0000000000 000000000000000000000

0000000000 000000000000000000000

1.i
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). -*." TABLE VI

BINARY NUMBERS RELATED TO EQUATION (4-2)
FOR PARALLEL FORM

s s act

0000110011 000000000101001011100
0000110011 000000001111101010000
0000110011 000000010100110101100
0000110011 000000010100110101100
0000110011 000000010100110101100
0000110011 000000010100110101100
0000110011 000000010100110101100
0000110011 0000010001 000000010100110101100
0000110011 0000000101 000000010100110101100
0000110011 0000010001 000000010100110101100
0000000000 000000001111101010000
0000000000 000000000101001011100
0000000000 000000000000000000000
0000000000 000000000000000000000
0000000000 000000000000000000000
0000000000 000000000000000000000
0000000000 000000000000000000000
0000000000 000000000000000000000
0000000000 000000000000000000000
0000000000 000000000000000000000
0000000000 000000000000000000000
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TABLE VI (continued)

b. Actual Output For Parallel Form

Yact

000000000000001110011
000000000000011111011
000000000001000001000
000000000001010000001
000000000001100000010
000000000001100000010
000000000001100000010

.000000000001100000010
000000000001100000010

000000000001100000010
000000000001100000010
00000000000110000001

-,¢ 000000000001010000001
'.., 000000000001000001000

000000000000011111011
000000000000001110011
000000000000000000000

".4.. 000000000000000000000
000000000000000000000

-4..1" 000000000000000000000
4000000000000000000000

000000000000000000000
000000000000000000000

4--- 000000000000000000000
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e0 =bs

• b sn

en =

(4-3)

where bs is the scaled coefficient in the direct form.

Then, these coefficients will be scaled such that each
.4

coefficient is less than one-half the absolute maximum

value of the coefficients in Equation (4-3) to prevent over-

flow. The nested filter scaled coefficients denoted by e

are shown in Table VII.

TABLE VII

NESTED FILTER COEFFICIENTS

-s

1.953125E-03
.500000
.275391
.177734
.109375

The expected and actual output-can be calculated by

using Equations (4-4) and (4-5) below, respectively.

y (n) - e (^X (n) +- e (i (n-i) 4- ... + e x (n-M)) ...)
exp s0ss1x Ms

(4-4)

Yact(n) eO(Xs(n) + es (is(n-1) + + e4- X(n-M))...

84J%
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The expected output for steady-state is shown in Table XII.

Corresponding binary number values for filter input, coef-

ficients and actual output are shown in Table VIII in the

same manner as in Table XIII.

TABLE VIII

BINARY NUMBERS RELATED TO EQUATION (4-5)
FOR NESTED FORM

-s -s Xact
0000110011 000000000000011001100

0000110011 000000000000011111111
0000110011 000000000000100001000
0000110011 000000000000100001000
0000110011 000000000000100001000
0000110011 000000000000100001000
0000110011 000000000000100001000
0000110011 0000000001 000000000000100001000
0000110011 0100000000 000000000000100001000
0000110011 0010001101 000000000000100001000

0000000000 0001011011 000000000000000111100
0000000000 0000111000 000000000000000001001
0000000000 000000000000000000001
0000000000 000000000000000000000
0000000000 000000000000000000000
0000000000 000000000000000000000
0000000000 000000000000000000000
0000000000 000000000000000000000
0000000000 000000000000000000000
0000000000 000000000000000000000
0000000000 000000000000000000000

Then, corresponding real numbers in the third column in

Table VIII will be used to plot the actual output which is

shown in Figure 23. The actual output for the steady-state

case is shown in Table XIII.
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Cascade-Nested Form. The coefficients studied for

', .cascade form will be used to calculate the cascade-nested

form coefficient in the same manner as in the nested form

discussed above. The coefficients for each second-order
V4

section are shown in Table IX.

TABLE IX

COEFFICIENTS FOR CASCADE NESTED FORM

a. First Second-Order Section

e
-s

3.906250E-03
4.296875E-02
.500000

b. Second Second-Order Section

5.859375E-03
.500000
.158203

The steady-state expected and actual outputs can be

calculated by letting M=2 in Equations (4-4) and (4-5),

respectively. The expected output for the steady-state

A! case is shown in Table XII. Corresponding binary number

values for each second-order section input, coefficients

and actual output are shown in Table X in the same manner

as in Table III. Then the corresponding real numbers in

the third column in Table Xb are used to plot the actual

output which is shown in Figure 24. As we can see easily
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TABLE X

BINARY NUMBERS RELATED TO EQUATION (4-5)
FOR CASCADE-NESTED FORM

a. First Second-Order Section

as -s Xact

0000110011 000000000000110011000
0000110011 000000000000110101001
0000110011 000000000000110110010
0000110011 000000000000110110010
0000110011 000000000000110110010
0000110011 000000000000110110010
0000110011 000000000000110110010
0000110011 0000000010 000000000000110110010
0000110011 0000010110 000000000000110110010
0000110011 0100000000 000000000000110011000
0000000000 000000000000110110010
0000000000 000000000000000011010
0000000000 000000000000000011010
0000000000 000000000000000011010
0000000000 000000000000000011010
0000000000 000000000000000001000
0000000000 000000000000000000000
0000000000 000000000000000000000
0000000000 000000000000000000000
0000000000 0000000000000000000000000000000 000000000000000000000

S0000000000 000000000000000000000

8 000000000000000000000

1,!
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TABLE X (continued)

b. Second Second-Order Section

£ -s Y£act
" "0000000000 000000000000000000000
',0000000000 000000000000000000000

0000000000 000000000000000000000

0000000000 000000000000000000000
0000000000 000000000000000000000

,'0000000000 000000000000000000000
L..0000000000 000000000000000000000

0000000000 000000000000000000000
0000000000 000000000000000000000

,.0000000000 0000000011 000000000000000000000
0000000000 0100000000 000000000000000000000
0000000000 0001010001 000000000000000000000

.0000000000 000000000000000000000
S0000000000 000000000000000000000

0000000000 000000000000000000000
0000000000 000000000000000000000
0000000000 000000000000000000000

" 0000000000 000000000000000000000

0000000000 000000000000000000000
i 0000000000 000000000000000000000

0000000000 000000000000000000000
0000000000 000000000000000000000
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from Table X, the output of first second-order section is

too small. Therefore, when it is quantized in accordance

with the input word length, it will be all zero. So, the

cascade-nested form will not give the actual output for

short word length.

Parallel-Nested Form. Each second-order section

coefficients shown in Table IX are the same as for cascade-

nested form. The steady-state expected and actual outputs

for parallel-nested form will be the summation of the steady-*

state expected and actual output for each second-order sec-

tion, respectively. The steady-state expected output is

shown in Table XII and the corresponding binary number values

for the second second-order section input, coefficients and

actual outputs are shown in Table XI. The actual output of

parallel filter is also shown in Table XI. The first

second-order section binary number values are the same as

shown in Table Xa. Corresponding real numbers in Table XIb

will be used to plot the actual output which is shown in

Figure 24. The actual output for steady state is shown in

Table XIII.

Finally, steady-state expected and actual outputs

for all digital filters studied in this section are shown in

Table XII and Table XIII, respectively.

,>
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* TABLE XI

BINARY NUMBERS RELATED TO EQUATION (4-5)
FOR PARALLEL-NESTED FORM

a. Second Second-Order Section

as es £act
0000110011 000000000001001100100
0000110011 000000000001110010110
0000110011 000000000001111000110
0000110011 000000000001111000110
0000110011 000000000001111000110
0000110011 000000000001111000110
0000110011 000000000001111000110
0000110011 000000000001111000110
0000110011 0 0000000000001111000110
0000110011 0000000011 000000000001111000110
0000110011 0000000000 000000000001001100100
0000000000 0001010001 000000000001111000110
0000000000 000000000000101100010
0000000000 000000000000000110000
0000000000 000000000000000000000

0000000000 0000000000000000000000000000000 000000000000000000000
0000000000 000000000000000000000
0000000000 000000000000000000000
0000000000 000000000000000000000
0000000000 000000000000000000000

000000000000000000000

"* "92*.
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TABLE XI (continued)

b. Actual Output for Parallel-Nested Form

Xact

000000000001111111100
000000000010100111110
000000000010101111000
000000000010101111000
000000000010101111000
000000000010101111000
000000000010101111000
000000000010101111000

* 000000000010101111000
000000000001111111100
000000000010101111000

4, 000000000000101111100
000000000000000111000
000000000000000000000
000000000000000000000
000000000000000000000

. 000000000000000000000
000000000000000000000
000000000000000000000
000000000000000000000
000000000000000000000
000000000000000000000
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TABLE XII
STEADY-STATE Yexp(n) (10 bits)

Direct Form .00894924
Cascade Form .000726138
Parallel Form .0171203
Nested Form .00032389
Cascade-Nested Form .00000383209
Parallel Nested Form .000133572

TABLE XIII

STEADY-STATE ya (n) (10 bits)

act

Direct Form .008865625
Cascade Form .0007247925
Parallel Form .01396751
Nested Form .00025177
Cascade-Nested Form .00000000
Parallel-Nested Form .001335144

Simulation II

*, The steady-state expected and actual output for all

FIR filters are calculated in the same manner as in Simula-

tion I, based on 16 bits word length. Since the longer

word length is used, the quantized coefficients and the input

values will be very close to the ideal values, assumed to

be the scaled coefficients and the input. Table XIV and

Table XV, arranged based on 16 bits word length, show the

comparison with Table I and Table II, arranged based on 10

bits word length, respectively. Since the simulation pro-

cedure is identical to the one carried out for Simulation I,

only the result will be shown in Tables XVI and XVII.

'" 94
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TABLE XIV

INPUT SEQUENCES BASED ON 16 BIT

x
-s xs

.1000000E 00 .9997559E-01 .1000000E 001000000oE 00 .9997559E-01 .1000000E 00
*1000000E 00 -9997559E-01 -1000000E 001l000000E 00 -9997559E-01 .1000000E 00
*1000000E 00 .9997559E-01 .1000000E 00*1000000E 00 -9997559E-01 -1000000E 00.1000000E 00 -9997559E-01 .1000000E 00
-1000000E 00 -9997559E-01 *1000000E 00
.1000000E 00 -9997559E-01 *1000000E 00: 1000000E 00 -9997559E-01 *1000000E 00
.OOOOOOOE 00 *OOOOOOOE 00 .0000000E 00.OOOOOOOE 00 .OOOOOOOE 00 .OOOOOOOE 00.OOOOOOOE 00 *OOOOOOOE 00 *OOOOOOOE 00.OOOOOOOE 00 .OOOOOOOE 00 *OOOOOOOE 00
*OOOOOOOE 00 *0000000E 00 .OOQOOOOE 00.OOOOOOOE 00 .OOOOOOOE 00 *0000000E 00.OOOOOOOE 00 *OQOOOOOE 00 .OOOOOOOE 00*OOOOOOOE 00 .OOOOOOOE 00 .OOOOOOOE 00
.OOOOOOOE 00 .OOOOOOOE 00 *OOOOOOOE 00.OOOOOOOE 00 .OOOOOOOE 00 .OOOOOOOE 00
.QOOOOOOE 00 *OOOOOOOE 00 .OOOOOOOE 00

TABLE XV

.5 COEFFICIENT FOR DIRECT FORM
BASED ON 16 BIT

b b s b

.1343790E 00 .1116943E-.01 .1119825E-01

.2789370E 00 .2322388E-01 .2324475E-01

.3400000E 00 .2832031E-01 .2833333E-01

.2789370E 00 .2322388E-01 .2324475E-01

.1343790E 00 .1116943E-01 .1119825E-01

*995
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TABLE XVI

STEADY-STATE y^ (n) (16 bits)
exp

Cascade Form .000766406

Parallel Form .017647
Nested Form .000450728
Cascade-Nested Form .00000384618
Parallel-Nested Form .00134061

TABLE XVII

STEADY-STATE (acn) (16 bits)

Direct Form .0096896
Cascade Form .0007345751
Parallel Form .01429798
Nested Form .0003356934
Cascade-Nested Form .000003637979
Parallel-Nested Form .001395954

The ideal output represented by yI can be calculated

by using the Equation (4-6) for direct, cascade and parallel

form and the Equation (4-7) for nested, cascade-nested and

parallel-nested form shown below.

M
yi(n) = b x (n-k)

k= oSk s  (4-6)

Y. (n) = e0 (xs(n) + e1 (x (n-1) + ... + x s(n-M))...)

(4-7)

where

xs = scaled input

96



bs = scaled coefficients

.'" e = nested filter coefficients before it is
quantized

Ideal-output responses for FIR filters studied here are

shown in Table XVIII.

TABLE XVIII

STEADY-STATE yi (n)

Direct Form .00972191
Cascade Form .000767394
Parallel Form .0176601
Nested Form .000391882
Cascade-Nested Form .0000587236
Parallel-Nested Form .00633241

"'. If Table XVIII is compared with Tables XII, XIII,

XVI, and XVII, it is obvious that as the word length is

increased, the actual and expected output response is coming

close to the ideal output response.

Deviation at the Output Response of the Digital Filter

Deviation is defined as the difference between the

output responses of the digital filter based on the different

word length. The expected and actual deviation of FIR fil-

ters studied here for 10 bits and 16 bits word length are

shown in Tables XIX and XX.

4 p.. 97
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TABLE XIX

- EXPECTED DEVIATION

Direct Form .0007114
Cascade Form .000040297
Parallel Form .000526715
Nested Form .0001269
Cascade-Nested Form .0000000461866
Parallel-Nested Form .0000049

TABLE XX

ACTUAL DEVIATION

Direct Form .000828
Cascade Form .0000098
Parallel Form .0003304
Nested Form .0000953
Cascade-Nested Form
Parallel-Nested Form .0000608

Summary

The expected and actual outputs and deviation of the

FIR digital filters studied in Chapter III are calculated

and presented with tables based on 10 and 16 bits word

length. The ideal output response is also presented.
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'V. Conclusion and Recommendations

In this thesis, we have considered the problem of

finite word length effects in some special classes of digital

filters. Some well-known and new structures have been pre-

sented for this case. For some of the new structures, the

deviation at the output response remains constant or insig-

nificant as the word length is increased.

One, who is interested in the low deviation at the

output response due to finite word length registers, can

[ -find the result in Tables XIX and XX helpful. Corresponding

output response of the digital filters is shown in Tables

XII, XIII, XVI, XVII and XVIII. We can see from the tables

that the digital filter, which has low deviation, gives

very small output response which requires longer output

register to recognize. As we know that it makes the arith-

metic operation slower and increases the cost to use the

longer register.

The techniques and software developed here can be

used to evaluate other signal processing schemes in which

binary operations with round-off and/or truncation are

required, such as the FFT. The programs for fixed-point

arithmetic in the Appendices can be extended for floating-

point arithmetic. Thus, we may be able to determine the bet-

ter arithmetic for a particular digital filter implementa-

tion. This work can be extended by studying other new

99



digital filter structures, and by studying in the same

• "manner the IhR digital filters.
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AppendixA

Flowgraph for Supporting the Desired Digital Filters

Appendix A contains the flowgraphs which help to

understand the FORTRAN algorithm in Appendices B, C, and D.

These flowgraphs are:

1. Decimal to Binary Number Converter

2. Two's Complement of Binary Numbers

, 3. Binary to Decimal Number Converter

4. Two's Complement Addition

5. Binary Multiplication

6. Shift-left and Shift-right Operator

7. FIR Direct Form Structure

8. FIR Cascade Form Structure

9. FIR Parallel Form Structure
10. FIR Nested Form Structure

10. FIR Cascade-Nested Form Structure

12. FIR Parallel-Nested Form Structure

Th
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* BEGIN

READ

9 xA(I), w

II

TRUE.AL

.9it

r X ,,.lX 
IJ =

I 
I

Ja,...J+

IF I

J wJ-k

~WRIT

N(,J

C.9TP--

Figure 25. Decimal to Binary Numbers Converter
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7-71 1.*. * 7. 7. - .

BEGIN

'i READ

*' x Ili)., w

INITIALIZE
J-W, X(1)--O

X(I)=X( I)+X( I ,J)*2**(-J+l)

FALSE J2TRUE

II'F

WR ITE
X(I

STOP

,b Figure 27. Binary to Decimal Number Converter
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READ

BINARY
CONVERSION

FIGURE

INITIALIZE
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RWRIT
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FIG'U +XSTOP
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>. BEGIN

BINARY
CONVERSION

FIGURE

INITIALIZE
J =2

IFFALSE *.TRUE

j+ ( [ I,J J)

I'. 
_

*Figure 30. Shift-left and Shift-right Operator
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BEGIN

READ S

FI N IffAL ZE
i=O M=2

FIND THE OUTPUT OF EACH SEC-

OND ORDER SECTION
FIGURE

-~ x I *J ) Yj (I, J)

i=i+.

STOP

Figure 31. FIR Cascade Form Structure
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FIND THE OUTPUT OF EACH
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Figure 33. FIR Parallel Form Structure
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BEGIN

READ S

SECOND ORDER SECTION
FIGURE

* Y1(I,J)=Y1 (I,J) + Y(I,J)

TRE FFAS

TE4> RA

(I4J

4dH*i 

! _L

4ST.

Figure 36. FIR Parallel-Nested Form Structure
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Appendix B

Coefficients and InpUt to the Digital Filters

Appendix B contains the program, which can scale

and quantize the coefficients and the input for the digital

filter, and user's manual. Each program's user manual

explains what the program does. These are called as

follows:

1. IN.FR

2. NEWC

3. NESI

4. HA

S114
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USER'S MANUAL PROGRAM IN.FR

FILE: IN.FR

DIRECTORY: DP4:OWEN

LANGUAGE: FORTRAN 5

DATE: September 1983

AUTHOR: Harun Inanli

SUBJECT: Scaling and quantization of given
filter coefficients.

FUNCTION: This program first reads the filter
coefficients from the file. Then, it
scales those coefficients such that the
summation of the absolute value of the
coefficients is less than 0.1. Finally,
it quantizes these coefficients accord-
ing to user requirements of either the
truncation or the rounding technique.

PROGRAM USE: The program is loaded by the following
command:

RLDR IN INI IN3 IN4 @FLIB@

SUBROUTINE REQUIRED:

Name Location Purpose
IN1.FR DP4:OWEN To read the filter coefficient

IN3.FR DP4:OWEN To scale the filter coeffi-
cient

IN4.FR DP4:OWEN To quantize the filter coeffi-
cient

EXECUTION OF THE PROGRAM AND ITS OUTPUT FOLLOWS:
4..

IN
FILTER COEFFICIENT FILE NAME: FC
ENTER FILE NAME: TC
COEFFICIENT FILE NAME FOR PLOT: TC1

'4 WORD LENGTH: 16
QUANTIZATION TYPE (1-TRUNCATION, O-ROUNDING) 1

115
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The input data file called FC contains the coeffi-

cients according to the equation shown below:

H(z) - AO B(O) + B(1)z
-  + +.. + B(M)z

A(O) + A(1)z + ... + A(M)z- M

File FC is presenting the necessary data as shown

below:

FC

5

0
3.934541E-02
.210533
.341118
*.341118
.210533

3.934541E-02
1.00000
1. 00000

where M=5, N=0, B(0)=3.934541E-02, ... , B(5)=3.934541E-02,

A(0)1I.00000 and AO=1.00000.

File TC stores the coefficients (in binary) after
- .-

they are scaled.

TC

16
6

0000000001101011
0000001000111110
0000001110100011
0000001110100011
0000001000111110

-A0000000001101011

116
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where 16 desired number of bits in coefficient register, 6

is the number of coefficient.

File TC1 stores both quantized and scaled coeffi-

cients as well as the coefficients coming from file FC.

The first column shows the coefficient numbers; the second,

the coefficients coming from file FC; the third, quantized

coefficients and the fourth, the scaled coefficients in

file TC1.

TC1

5
1 .1343790E 00 .9765625E-02 .1119825E-01
2 .2789370E 00 .2148438E-01 .2324475E-01
3 .3400000E 00 .2734375E-01 .2833333E-01
4 .2789370E 00 .2148438E-01 .2324475E-01
5 .1343790E 00 .9765625E-02 .1119825E-01

USER'S MANUAL SUBROUTINE IN1.FR

FILE: IN1.FR

DIRECTORY: DP4:OWEN

LANGUAGE: FORTRAN 5

DATE: September 1983

AUTHOR: Harun Inanli

SUBJECT: Reading of given filter coefficients.

FUNCTION: This subroutine reads the given filter
coefficients from the file.

SUBROUTINE REQUIRED: None
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USER'S MANUAL SUBROUTINE IN3.FR
%%

FILE: IN3.FR

DIRECTORY: DP4:OWEN

LANGUAGE: FORTRAN 5

DATE: September 1983

AUTHOR: Harun Inanli

SUBJECT: Scaling of given filter coefficients.

FUNCTION: This subroutine scales the given
filter coefficients such that the sum-
mation of the absolute value of the
coefficients is less than 0.1.

SUBROUTINE REQUIRED: None

USER'S MANUAL SUBROUTINE IN4.FR

, FILE: IN4.FR

DIRECTORY: DP4:OWEN

LANGUAGE: FORTRAN 5

DATE: September 1983

AUTHOR: Harun Inanli

SUBJECT: Quantization of digital filter coeffi-
cients.

4 FUNCTION: This subroutine quantizes the scaled
digital filter coefficients according
to user requirements of either the
truncation or the rounding technique.
First, the scaled coefficient is con-
verted into binary and placed in the
coefficient register. The coefficient
register can be a maximum of 140 bits

-long. Then, according to user

118
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requirements, this binary number is
-.-* truncated or rounded to the desired

word length. Finally, the quantized
number is converted back to the real
number and stored in the file.

SUBROUTINE REQUIRED: None

FLOVGRAPH:

Type Figure

1. Decimal to Binary Number Converter 25
2. Two's Complement of Binary Numbers 26
3. Binary to Decimal Converter 27

.11!
'4.

*'O
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pROGRAM : IN.FR
C AUTHOR : HARUN INANLI
C DATE SEPTEMBER 83
C LANGUAGE: FORTRAN 5
C
C FUNCTION: THIS PROGRAM IS USED TO SCALE AND QUANTIZE
C THE FILTER COEFFICIENT IN EITHER TRUNCATION

OR ROUNDING TECHNIQUE ACCORDING TO USER REOIRMENT
C THE FILTER COEFFICIENT IS OPTAINED BY USING THE
C PROGRAM CALLED WFILTER. QUANTIZED FILTER COEFFICIEP

- C IS STORED IN THE FILE NAMED BY THE USER IN BINERY
C

DIMENSION B(500),A(500)
DIMENSION OUTFILE(7),H(500)
DIMENSION FF(70), HH(70)MM(70),NN(70),SS(70),BA(500),DD(500)
DIMENSION DD(500)DB1(500)..
INTEGER FF, HH* MMi NN SS,W ,K
CALL IN1(OUTFILE°B,A#M,N#AO)
CALL IN3(BM,B1)
CALL IN4(BloM,D)
STOP
END

C PROGRAM : IN1. FR
C AUTHOR : HARUN INANLI
C DATE : SEPTEMBER 83
c LANGUAGE: FORTRAN 5

C FUNCTION: THIS PROGRAM !S USED TO READ THE FILTER
C COEFFICIENT PRODUCED BY DESIGN PROGRAM
C WFILTER ACCORDING TO USER REOUIREMENT.
C

SUBROUTINE 1N1 (OUTFILE, B, A, i! N AO)
DIMENSION OUTFILE(7).B(500),A'500)
ACCEPT "FILTER COEFFICIENTS FILE NAME
READ(11. 10)OUTFILE(i)

10 FORMAT(S15)
CALL OPEN(1,OUTFILE 1IER)
IF (IER. NE. I )TYPE "OPEN EAPOR"' JI.R
READ FREE(I)M
READ FREE(I)N
READ FREE(I) (B(I),I=,M#-j)
READ FREECI) (AWl,-:i.N+J)
READ FRtEE(1)AO
CALL CLOSE(1. IER)
IF (IER. NE. 1) TYPE "C1 .-. F!,,,. L . .i-.
RETURN
END. 120
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c PROGRAM IN3. FR
C AUTHOR : HARUN INANLI
C DATE SEPTEMBER 83
C LANGUAGE: FORTRAN 5
C
C FUNCTION- THIS SUBROUTINE IS USED TO SCALE THE FILTER
C COEFFICIEN SUCH THAT THE SUMMATION OF THE
C ABSULUTE VALUE OF THE COEFFICIENTS IS LESS
C THAN (0.1).

SUBROUTINE 1N3(B,M,91)
DIMENSION B(500),BA(500),B1(500)
REAL SUM
INTEGER K
L-1O00
DO 20 K-i,L

SUM=0
DO 30 I=I#M+t

"A( I)=ABS(B(I))
BA( I )=BA( I )/K
SUM-SUM+BA ( I)

CONTINUE
IF(SUM.LT. (.1))gO TO 50

20 CONTINUE
50 CONTINUE

DO 52 I=I, M+i
- 52 B1(I)=B(I)/K

RETURN
END
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C PROGRAM IN4.FR
C AUTHOR HARUN INANLI
C DATE SEPTEMBER 83
c LANGUAGE: FORTRAN 5
c
C FUNCTION: THIS SUBROUTINE IS USED TO QUANTIZE THE FILTER
C COEFFICIENTES IN EITHER TRUNCATION OR ROUNDING
C TECHNIQUE ACCORDING 10 USER REQUIERMENT. THEN
C CALCULATE 'IHE QUANTIZE ERROR AND STORE ALL
C THESE DATA IN THE FILE.
c

SUBROUTINE 1N4(B1.M#B)
* DIMENSION DC500).BK(500)1 D(500),BN(500).BB(500)

DIMENSION BC(500),BA(500).BD(500).DD(500).BICSOO)
INTEGER OUTFILE(7),OUTF(5)
INTEGER HIH(70),K#MMC7O),NN(70),FF(70).OPT,SS(70)
INTEGER W
ACCEPT"ENTEH FILE-NAME:
READ(11.400)OUTFILE(1)

400 FORMAT(S13)
- -. CALL DFILW(OUTFILE. IER)0 IF(IER.EQ.13) GO TO 401

* IF(IER. NE. 1)TYPE"DELETE FILE ERROR'. IER
*401 CALL CF. ILW(OUTFILE,2.IER)

IF(IER. NE. 1)TYPE"CREATE FILE ERROR"1 TER
CALL OPEN(11 OUTFILE,3. IER)
IF(IER.NE. 1)TYPE"OPEN FILE ERROR". IER
ACCEPT"COEFFICIENT FILE NAME FOR PLOT
READ(115 900)DUTF(l)

900 FORMAT(S15)
CALL DFILW(OUTF. lER)
IF(IER.EQ. 13)00 TO 910
IF(IER. NE. 1)TYPE"DELETE FILE ERROR'. IER

910 CALL CFILW(OUTF.2, lER)
IF(IER. NE. 1)TYPE"CREATE FILE ERROR"5 IER
CALL OPEN(2#OUTF.3. lER)
IF(IER. NE. 1)TYPE"OPEN FILE ERROR"l IER
ACCEPT'WORD LENGTH :,
ACCEPT"GUANTIZATION TYPE (1-TRUNCATION, 0-ROUNDING')".oUPT
A-W-1
AA-W+1
A1-A-1
DO 56 L-1.AA

FF CL ) =
NN(L)=0
SS (L ) -
MM(L)=0

56 CONTINUE
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IF(OPT.EQ.1)GO TO 11
IF(OPT. EQ. 0)G0 TO 91

C TRUNCATION OPTION

it DO 10 rI1M+1
IF(D1(I).LT. O. 0))GI TO 831
HH(1) -0
GO TO. 832

e1 HH(1)inl
82 DD(I)-2.0*ABS(91C1))

C********* THE LOOP 20 IS USED TO CONVERT THE*******.*********
C DECIMEL NUMBER TO BINERY.

DO 20 VK=2,W
IF(DB(I). GE. 1.0)G0 TO 30
HH(K)0O
00 TO 40

30 HH(K)=1
BD(I)=DB(I)-1. 0

40 BB(I)=BB(I)*2.0
20 CONTINUE

C********* END OF LOOP 20 .**************

BKCI)=0. 0
C********* THE LOOP 60 IS USED TO CONVERT THE*******.*
c BINERY NUMBER TO DECIMEL.

DO 80 K=2A
ft,60DK(I)=BK(I)+H-H(K).*(2. Ou*(-44+1))

* C********** END OF LOOP 60 ***************

IF(HH(1).EQ. 1)00 TO 100
BNCI)-B(I)
GO TO 110

100 BN(I)=-BK(I)
110 D(l)-BI(l)-BN(I)
10 CONTINUE

C******** THE INFORMATION OPTAINEDrABOVE IS STORED IN FILE ***

WRITEC 10, 200)W
WRITEC 1, 500)W
WRITECI 500)(M+1)
WRITE(21 500) CM+1)
WRITEC10.201)-
WRITEC 10.202)
WRITE C105203)

500 FORMATC2OX. 15)
200 FORMATC4X. "WORD LENGTH 11,14)

*201 FORMATC4X,"USED QUANTIZATION TYPE IS TRUNCCTION")
202 FORMATC4X. "I'%3X. "COEFFICIENT BCI)". 9X. "SCALED COEFFICIENT"

1 ,5X,"ROUNDOFF ERROR")
203 FORMATC4X "-". 3X.l ------------- l",l ---------------- a

Ix .5i---------------51
DO 204 I-1,M+1 *c "(-,) , A,

WRITEC1O.205)I.BCI).B1CI). D(I)
*;...,WRITEC2.901)IB(I),B1CI),D(I)
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204 CONTINUE
* .205 FORMAT(1XI4,2X.E14.7,14XE14.7,6X.E14.7)
-I.1- 901 FORMAT(1X8 14.2X.E14..7,2X.E14. 7.2XE14.7)

WRITE( 10 208)
26 FORMAT(1X."TRUNCATED COEFFICIENT IN BINARY")

DO 230 L-1.AA
230 HH(L)=0

DO 207 I-1,M+1
IFCB1(I).LT. (0.0))QO TO 208
HH( 1)-O

* GO TO0209

* 208 HH4C1)-1
*209 BBcI)=2a*O*ABS(Bl(I))

* - DO 210 Kin2#W
IF(BB(I).GE.1.0)GO TO 211
HH(K)=0
GO TO 212

211 HH(K)=1
212 BB(I)=i3B(I)-1.0
212 BB(I)=2.0*BB(I)

210 CONTINUE
WRITE( 10, 213) (HH(K),K=1, W)
WRITE( 1.213) (HHl(K). R=1.W)

213 FORMAT(12X,70(11))
207 CONTINUE

GO TO 55

END OF TRUNCATION OPTION

C
* C ROUNDING OPTION

* 91 DO 26 1=1, (M+1)
IF(D1(I).LT. (0.0))GO TO 21
FF(l1)=0
GO TO 22

21 FFC1)=1
22 BC(1)=2.0*ABS(D1(I))

C********THE LOOP 23 IS USED TO CONVERT THE*********
C DECIMEL NUMBER TO BINERY.

DO 23 K=2.AA
IF(BC(I).QE.1.0)QO TO 24
FF(KI~) -0
GO TO 25

24 FF(K)=1
DC(I)=BCCI)-l.0

25 BCCI)=DC(I)*2.O
23 CONTINUE

C***** END OF LOOP 23****************
* DO 31 K=1,A

-. -*.MMC('J=0

* .* 19(W)-I

124



2... J**.707.

31 CONTINUE
IF(FF(AA).EQ. 1)00 TO 42

* IF(FF(AA). EQ. 0)00 TO 37
*~2**..**THE LOOP 121 USED TO FIND THE ROUNDED*************

NUMBER STORED IN FINITE REGISTER
42 NNN-AA

DO 121 JJ-3.,NNN
II-NNN-JJ+2
NN4(II) -FF (II) .MMC II) +SS( II)
IF(NN(II).LT.2)GO TO 121
N I I ) NN (I I)-2

SS(II-1)=1II121 CONTINUE
C*********END OF Loop 11***********g

GO TO 9
37 DO 47 K=2,W
47 NN(K)=FF(K)
9 IF(FF(l).EQ.MMC1))GO TO 45

NN(1)=l
00 TO 41

45 IF(FF(1).EQ.1)GO TO 6
NN~l)=0
GO TO 41

6 NN(1)-1
41 BA(I)=O.0

C********* THE LOOP 130 IS USED TO CONVERT THE ROUNDED**4********
c BINERY NUMBER INTO THE DECIMEL NUMBER.

DO 130 K=2,W
~i130 BA(I)=BA(I),NN(14)*(2.0*(-K-1))
C******END OF LOOP 130***************

IF(NN(1).EG.1)GO TO 131
BD(I)-BA(I)
G0 TO 132

131 BDDI)=-DA(I)
132 DD(l)-Bl(I)-BD(I)
26 CONTINUE

Co***** THIS PART OF THE PROGRAM IS USED TO STORE**********
c THE INFORMATION ABOUT THE ROUNDING
C -OPTION.

WRITEC 10, 300)W
WR ITE (1,600 )W
WRITEC 1 600) (P+1)
WRITE(2. 600) CM-I-)
WRITEC 10. 301)
WRITEC 10,302)
WRITEC10.303)

600 FORMATC20X,1 5)
300 FORMAT(4X, "WORD LENGTH "s 14)

*301 FORMAT(4X, "USED QUANTIZATION TYPE IS ROUNDING")
302 FORMAT(4X. "I".3X. "COEFFICIENT B(I)"#9X1 "SCALED COEFFICIENT"

I .5X, "ROUNDOFF ERROR")
303 FORMAT(4X,"-",3X."----------------- "# 9x,------------------------- o

1.5X " ----------------
* * .DO 304 1-1,M+1
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WRITE( 10.305) I. (I). 01 I). DD(I)
WRITE(2.901)IB(I ).BI(I). DD(I)

- .. :304 CONTINUE
305 FORMAT(1X. 14,2XE4. 7.14X.E14.7,6X.E14.7)

WRITEC 10. 306)
:J06 FORMAT(IX,"ROUNDED COEFFICIENT IN HINARY"-)

DO 307 L-1,AA
1*4(L) =0

- - FF(L)inO
MN (L ) O
SS(L)inO
MMf(L)inO

307 CONTINUE
DO 331 lIahI4-1

IF(D1(1).LT. (0.0)) GO TO 30a
FF (1-0
GO TO 309

308 FF(1)-1
309 DC(I)-2.0*ADS(Bl(I))

DO 310 K-2, AA
IF(BC(I).GE.1.O)CO TO 311
FF(IK)-0
00 TO 312

BCCI)uDC(I)-1. 0

O 310 CONTINUE
00 313 K-Ij1A

MM(K)inO
-'p MII(W)-1

313 CONTINUE
IF(FF(AA).EQ.1)00 TO 314
IF(FF(AA). EQ. 0)00 TO 315

314 NNAA
DO 316 JJi3NNN

p I I -NNN-JJ+2
NN (I I ) FF(CI I) +MM(CI I) +S CI I)
IF(NN(II).LT.2)G0 TO 317

SSC 11-1)-i
00 TO 316

317 NN(II)-NNCIX)
316 CONTINUE

00 TO 320
315 DO 321 K4i2#W
321 NN(K)-FF(IK)
320 IF(FF(1).EQ.MM(1))CO TO 322

NN(1)=1
- 00 TO325

322 IF(FFC1).EQ.1)GO TO 324
NNC1MO

* GO TO 325
324 NNC1)-1

126

z.



325 WRITE(1O,326)(NN(L)sL 1,W)
WRITEC1.326)(NN(L),L-1,W)

326b FORMAT(12X*70(11))
331 CONTINUE

CALL CLOSE(1.IER)
IF(XER. NE. 1)TYPEkCLOSE FILE ERROR"5 ZER
TYPE "IlF YOU WANT SINUSOIDALINPUT TYPE :HA
CALL CLOSE(2.IER)
IFCIER. NE. )TYPE"CLOSE FILE ERR.OR"PIER

55r CONTINUE
* c

C END OF ROUNDING OPTION

RETURN
END
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USER'S MANUAL PROGRAM NEWC

FILE: NEWC

DIRECTORY: DP4:OWEN

LANGUAGE: FORTRAN 5

DATE: September 1983

AUTHOR: Harun Inanli

SUBJECT: Finding the new filter coefficient.

FUNCTION: This program is used to find the real
filter coefficient values after they
are changed in binary for nested filter
structure.

PROGRAM USE: The program is loaded by the following
command:

RLDR NEWC @FLIB@

SUBROUTINE REQUIRED: None

FLOWGRAPH:

Type Figure

1. Two's Complement of Binary Numbers 26
2. Binary to Decimal Number Converter 27

EXECUTION OF THE PROGRAM AND ITS RESULTS FOLLOW:

NEWC
ENTER THE OLD BINARY COEFFICIENT FILE NAME: TC

"-" ENTER THE NEW BINARY COEFFICIENT FILE NAME: NTC

Content of the file TC is explained in the user's

manual of our program IN.FR. The content of the file NTC is

the same as the file FC which is also explained in the user's

S manual of the program in.FR.
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C

c 10i'I: THIS PROCRAM IS USED TO :.(.ULATE THE NESTED)
c FILTER COEFFICIENT FROM :-UIVEN BINARY E(0UI1I

:*IC NS I UN YT( 500)
~ rCai CUrFILE(7, UF'r

"LWI'E' TH-L Cil- BliEPe? COEFFICIEN. i- NAME

t ) OU fPE 1 1Pi' F tL.-CRCR",

iri

r!,-1T~r, PTHE j\JEv LJINFIRY CF)EFFIC lENT VI NAME

L (iJ ) fF Ir V i

PE. "I PE L A C RIE

i. LI rE F~ I LtL'iYL EE E i RROR" I ER

L ) Pi 1: 1\ P, OuIrr,-. 3 .17 1?

F mEr. i VrYPE"0PENI F fLF ERROR", I17R

i A - t, t.O, END-41 ( I, IN i, K= i, OW)

I4 - YIJII)+y

.,' .. I'

I I )~~f (I IY 'A )i) K C . 0. *( -I IA.
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C*** r~" - PAR~T OF TNUNCATTON IS USED TO WRITE* iII*

c fit: Ei'eVORMArJ(N OBTAINED ABOVE
C TrO THJ- FILL

W..RITE FREE(2) 0
m~) 44 1-0O, (S-1)

4.4 WRI'fE FRLEE(2)YT(I)

;-MITE FI(EE(2) i
CALL CLOSE Cl, IER)
11:(11 'R1E.I)TVPE "CLOSE FILE ERROR',IER
..LL CLOSL-(2, IER)
f -TEP NE 1 )TYPE "CLOS3E- FILE-ERROR", TER
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USER'S MANUAL PROGRAM NES1

FILE: NESI

DIRECTORY: DP4:OWEN

LANGUAGE: FORTRAN 5

DATE: September 1983

AUTHOR: Harun Inanli

SUBJECT: Finding the Nested Filter Coefficients.

FUNCTION: This program locates the nested filter
coefficients based on the equation be-
low:

BN(O) = A(O)

BN(I) = A(I)/QUANTIZED(A(I)))

where BN = nested structure coeffi-

cient; A = direct form coefficient;
and QUANTIZED(A(I)) = truncated or
rounded direct form coefficient.

Then, the nested filter coefficients
are scaled such that each coefficient
is two times less than the absolute
maximum value of the coefficient.
Finally, those coefficients are quantized
according to user requirements of either
the truncating or the rounding tech-
nique.

PROGRAM USE: The program is loaded by the following
command:

RLDR NES1 @FL1B@

SUBROUTINE REQUIRED: None

FLOWGRAPH:

Type Figure

1. Decimal to Binary Number Conversion 25
., -:.

131

- *Z

-. U*. . .* U S U S



,L

EXECUTION OF THE PROGRAM AND ITS RESULTS FOLLOW:

NESI
COEFFICIENT WORD LENGTH: 16
INPUT FILE NAME FOR NESTED STRUCTURE: TC1
ENTER FILE NAME FOR NESTED COEFFICIENT: NC
QUANTIZE TYPE (1-TRUNCATION, 0-ROUNDING) 1

The content of the file TC1 is explained in the

user's manual of the program IN.FR. The file NC contains

the coefficients number at the first and the nested coeffi-

cients (in binary) at the second column. The first number

2 6 represents the number of coefficients and the second

number 16, the desired coefficient word length.

NC

6
16

S1 0000000000001001
2 0100000000000000
3 0001001100100110
4 0000101111010001
5 0000011101001011
6 0000001000110101

5.

%

..4 " . '" - ' -,, , - - . " ' % . -"- ' ' ' "-" ."-"- "-4 ." '-"°',","-'-"•"-



C f * .k P. P. . . ..*- t - .

- r*
~c

* LAM..A.... F I.. f * ~
C

c IF; I ici-:, PR--A A: UAE ~~srDFLE

C

C [3vr'I)LA(I/UANTIZED(Ai!
C .tiKUN NESTED STRUCTURE U ( CI ENTr
C A *rHE SCALED) DIRECT f C:(EFFICIENT

C THE SCALED DIRECT PORM r vIICIENTS ARE FOUND BY
.4 CTHE-: PRONG1RAM IN. FR. FUR'; il-ME THE NESTED FTLT~r-.r

C ~CjEj-r IClENTS ARE B'CAL-ED iU1IZ1 THE OUAeJ1
V. CAm Li ut. if: TE NI I ON OR IN4 R0k I'L. NO;.

[I0jc' UfFj;E(7. '.b OP F,NC

(NNI: CH NN(;2 1, 140.'

.4 ~ ~~C()jrwrr i - lENT VW14D LEMOT-~H ".N('

~ V' NPUTFILE N'AME FO3R NESTED STRU(
!?Ar~ 1110)fi'.' rFILiIE

2Ai t. JPFN ( 1, 13UTF ILE, I I EP
i 1: [FER. NE. i )T YPE "01 .:;I F I L ERROR I lER

3c; 1EAD( 1, 4 0) T. X ( I X~ I:3 I 0(1I
40 ;QC.' c AT (IX, I14, ' 1X, El 4. 7, 2X, CI J'1. 7, 2X. E 14. 7)

IiF i:i , NE. I)1YPE"C.0SZ FILE ERROR", IER
CcFT"ENTEP FILE NAME FOR NESTED COEFF . N I

* -~e-D(It. lI)OUrFILE(J )

F~. -eIL.WMI~.TFILE, lATH)
* . LI ( Li(. E:Q. 13) ;O TO Y

k NE 1JTYPE"r**IFrE FILE ERROR", TER
'~i.L. '(FI.w(ourFILE.; :' RN

IF, T!R NE. I ) rYTPE"CR1EJTE FILE ERROR", IER
* AL1. OL'FI.. (2, &xwTF I LL, WJ I EiR
W: I'Li; NE I.) IY1E"CJPFN FIL.F' ERROR". IER

133



"""" ,-.CLt~ i" r I ,1 r .ii ', .IE i I'RUNCATIO.N. -:44 , ING ) " OPI

' ', - - ;2 I .: I !

C. 0 )-4

c i,- i.-- PART IS USED TO FIND NE-STE'D STRUr( TUr
l, COEFFICIENT IN REL

2 ~ ~ ~ ; tO1-I i
.- ,, ' i Jl:[ C

C
"", C

4.4a ,.: ,g . C-- t

-C c

li c

.,.r%,, .. . . I

C • ~,-i .r 1-. :.. , 1 {-Lic:r I'Z { --f= C "i-'qi

-. -

C
C T!, \;'RT [S US ED To SCAL.E THE NESTED Sr -'TtkE

i!- .,.Iii(BN( I) ). LT. IJM,)GO "tO 51

; 4 ' ) -I ,

, .F:I ' ,-v .1J:31 )rIC

I" ""134

V,.

4 '

5.,;... . ..4..: .. 4.4:.<:.N .... .*;.; ...... .-...... .... "- -.'.:-.----".- - . .'.i. :.-.. -



k - * rr - r. r C r r- . - - --C - r .' : - .- , . - - .LWSJ.'LjTER;d
0%c

C ~ ~ N IL. F

bXSI) &J. XUR 1OEFFICIENT 1101

5 1 .II) 4
r--. to. 01" ( ),1 =1 N

i iir( x - IJ i - x i

c U.,., : r Iw-.
'Sc

13



* 'ArPT IS 7.SE) MO STORti THE ROUNDFI1)
iVLST 2' TRUCTURE COEFFICIENTN:'

IF 0E~1i( 1, (Nf r1.) I 122 0)00O TO 160
DO tBO II:.=I, (NC- t

iNC )1

IA] 190 I ~1 C
fA I, v.)

1f T I ) 'P,
'f (tt , N I I i I: I N

1,30 1, 1NN t1 -=1 11'JN )

off'.1

* 01

(136



-. 7 7. 7

USER'S MANUAL PROGRAM HA

FILE: HA

DIRECTORY: DP4:OWEN

LANGUAGE: FORTRAN 5

DATE: September 1983

AUTHOR: Harun Inanli

SUBJECT: Creating the input.

FUNCTION: This program produces the input,
according to user requirements, in
sinusoidal, step or multiple-step
function and then scales it. Finally,
it quantizes the input function,
according to user requirements, either
by the truncating or rounding tech-
nique.

PROGRAM USE: The program is loaded by the following
command:

RLDR HA HA1 STEP MSTE HA2 HA3 @FLIB@

SUBROUTINE REQUIRED:

Name Location Purpose
HA1 DP4:OWEN To produce sinusoidal function
STEP DP4:OWEN To produce step function
MSTE DP4:OWEN To produce multiple-step

function
HA2 DP4:OWEN To scale the input
HA3 DP4:OWEN To quantize the input

EXECUTION OF THE PROGRAM AND ITS RESULTS FOLLOW:

HA
ENTER FILE NAME: TI
NUMBER OF SAMPLES: 10
INPUT TYPE (1-STEP, O-SINUSOIDAL) 1
AMOUNT OF STEP: 5
WORD LENGTH: 16
ENTER FILE NAME FOR INPUT: TII
QUANTIZATION TYPE (1-TRUNCATION, O-ROUNDING) 1
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File TI shown below, containes the desired number

of samples with 10, coefficient word length with 16, and

the coefficients in binary. The content of the file TIl

is the same as the file TCl explained in the user's manual

of program IN.R.

TI

10
16

00001l0011001100
0000110011001100
0000110011001100
0000110011001100
0000110011001100
0000000000000000
0000000000000000
0000000000000000
0000000000000000
0000000000000000
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c PROGRAN HA
c mUTHOR HIAUN INANI
C DATE SEPTEMBER 63
C LANGUAGE! FORTRAN 5
C
c FUNCTION: THIS PR OGRAM PRODUC STEP, MULTIPLE STEP
C OR SINUSOIDAL INPUT ;'CORDING TO USER

REQUIREMENT. THEN QU, ;FIZE THE INPUT EITHER
IN TRUNCATING OR IN I .,UNDING IECHNIGUE.

O; IMEMSI ON X (500), XX (500), XS(500), BN( ./,BK (500)
'. ii..L lENSf. CF| 3B 2',ri ) D (256), BE (256), Bf ( L ,DD ( 2--.,,1,)

-,i -.F:4 ,:. / H .; ,4 II 7) ,N ( 0 , i 0), OPT

14TE. GER z' . (70 ), I-UTF 11. E (7), RA, MRA
,%',..PT "F:MIEI FII.E NAM' E '

.,(r.-U 1 1, - t.I ) UrF LLE( 1)
,", 1~ I Fi2l-RMA(l- (, ' ")

"CALL OF:[ ii ,J'.OU F I LE, L Li)
%*• k(IE i:;:i t ) O F0 90,6

"-.(IER NV. I)TYPE"DELE-TE FILE ERROR",
ALL.. CF,(I W(OUTFILE, 1L, 1 ER)

I "ER. i-:.. I)TYPE"CREATE FILE ERROR,,
CALL UP i(Ha, OUTFILE, 3, IER)
JF(IER. NE I)TYPE"rJPEN FILE ERROR", IF;

"CCEPT'1 40iNlE OF SAMPLES • R
ACCEPT" 1IPUT TYPE(0-SI'EP, I-.ISTEP, 2-'". )SO IDAL)". oPri
0)0 10 L:= 1, 1

X(L.) =0, l-=!(:P'lt. 12C4. .2)(GO TUI 100

fF(CIP TI. F. 1 )GO -ro ioj
I F(OPT1. 1-0. O) O 10 J0!

100 CALL HAt (!,l)

GO TO 101
1.3 CALL MSIU ('X, R, RA, MRA)

,:.'c 1O 101|
': ,u,~.' ,.;ALL S1U Xl ;), I(, NA )

I 01 CALL HA2(*,, XSl.I4,R)
CALL HA3(X, XU!,KR)
CALL CL(jOL(2o IER)
..F- ( IER. NE I )TYPE "CLOSE FILE ERROR",

frop
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USER'S MANUAL SUBROUTINE HAI

FILE: HA1

DIRECTORY: DP4:OWEN

LANGUAGE: FORTRAN 5

DATE: September 1983

AUTHOR: Harun Inanli

SUBJECT: Producing Sinusoidal Function.

FUNCTION: This program produces the sinusoidal
function according to the equation
below:

X(N) = TT*Sin(N*2* /T) + 1.0
-A

where TT = gain
"' N = number of points up to 500

T = period

.0 By inspection of this equation, the
sinusoidal function values will be
all positive.

SUBROUTINE REQUIRED: None

.USER'S MANUAL SUBROUTINE STEP

FILE: STEP

DIRECTORY: DP4:OWEN

LANGUAGE: FORTRAN 5

DATE: September 1983

AUTHOR: Harun Inanli

SUBJECT: Producing Step Function.

-..- 140
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FUNCTION: This subroutine produces the step
function up to 500 points. The magni-
tude of step function is 0.1.

SUBROUTINE REQUIRED: None

USER'S MANUAL SUBROUTINE HA2

FILE: HA2

DIRECTORY: DP4:OWEN

LANGUAGE: FORTRAN 5

DATE: September 1983

AUTHOR: Harun Inanli

SUBJECT: Scaling the Input Function.

FUNCTION: This subroutine scales the input sig-
V nal such that the absolute maximum

value of the signal is less than 0.1.

SUBROUTINE REQUIRED: None

USER'S MANUAL SUBROUTINE MSTE

FILE: MSTE

DIRECTORY: DP4:OWEN

LANGUAGE: FORTRAN 5

DATE: September 1983

AUTHOR: Harun Inanli

SUBJECT: Producing the Multiple Step Function.

FUNCTION: This subroutine produces the step
function as shown below.
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The magnitude of the step is 0.1.

SUBROUTINE REQUIRED: None

USER'S MANUAL SUBROUTINE HA3

FILE: HA3

DIRECTORY: DP4:OWEN

LANGUAGE: FORTRAN 5

DATE: September 1983

AUTHOR: Harun Inanli

SUBJECT: Quantizing the Input Signal.

FUNCTION: This subroutine quantizes the scaled
input signal according to user require-
ments of either the truncating or
rounding technique. First, scaled
input is converted into the binary and
placed in the input register. The
input register can be a maximum 140
bits long. Then, according to user
requirement, this binary number is
truncated or rounded to the desired
finite word length. Finally, quantized
number is converted back to real number
and stored in the file.

SUBROUTINE REQUIRED: None

FLOWGRAPH:

Type Figure

1. Decimal to Binary Number Converter 25
2. Two's Complement of Binary Numbers 26
3. Binary to Decimal Number Conversion 27
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C
C PROGRAM HA2

*C AUTHOR HARUN INANLI
C DATE SEPTEMBER 83
C 'LANGUAGE FORTRAN 5

C FUNCTION SUBROUTINE HA2 IS USED THE SCALE THE
*C PRUDUCED INPUT SIGNAL SUCH THAT THE

c MAXIMUM VALUE OF THE SIGNAL LESS THAN
C .

C
SUBROUTINE HA2(X. XS. KR)
DIMENSION XX(5OO)sXS(5OO),X(500)
INTEGER R.K
REAL XXM. L
XXM=0.0

- C***.*THE LOOP 10 USED TO FIND THE MAXIMUM VALUE*********

* DO 10 N-1.H
XX (N)-ABS( X(N))
IF(XX(N).GE.XXM)GO TO 2!0

* XS(N)-X(N)
GO TO 10

20 XXM-XX(N)
XS(CN)-X (N)

10 CONTINUE
* C
* CI*****END OF LOOP 1***H****

L-XXM/. I
C*******THE LOOP 30 IS USED TO SCALE THE INPUT**********

* C
DO 30 Iml#R

30 XS(l)-XS(I)/FLOAT(L)
C
C*****END OF LOOP 30*************

RETURN
END
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Ml- E_

C AUTHOP' HAMUN I NA.'I
C DATE SEPrEIIBER 11

LAh'IJt:,Gf7: FOR1HgAN 5

c FUNCTIOHI. THIS SU[WOUTlNE 1' .JSED TO PRODUCE
C THE MULTIPLE STEP NFUT.
c

SU1BROITINE 14STE7(X 1 R HA.MRA)
O(MEN-ION X0300')
JNTEriH. RA i~IIA, R
ACCEPT"A190UNTi OF STIP PRA

21 1i~- ( I * R )(0D TO 0-2
f£i,: 10' L-MRA, (RA411NA)

M14A= I
2 DoC 20. z- I9RA, (M'.CA+RA)

20 X(i)=0.0

IF(~ I L. V R)O r-0'O 21L

t. NO,
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'~ C PROGRAM HA3

-. C AUTHOR HARUN INANLI
C DATE SEPTEMBER 83
C LANGUAGE FORTRAN 5

C FUNCTION SUBROUTINE HA3 IS USED TO QUANTIZE THE
C SCALED INPUT EITHER IN TRUNCATED OR ROUNDING
C TECHNIQUE ACCORDING TO USER REGIEREMENT. THEN
C CALCULATE THE QUANTIZATION ERROR AND STORE ALL
C THESE INFORMATION IN THE FILE
C

SUBROUTINE HA3(X. XS.KDR)
DIMENSION X(5O0).XS(500),DN(5OO),DD(5OO)
DIMENSION BIK50).BA(500),BD(5O0),DD(5O0),D(5O0),BE(50o)
INTEGER HH(500).KMM(70)1 NN(70).FF(70),OPT,SS(70)
INTEGER A. R1 AA. OUTF( 5)
ACCEPT"WORD LENGTH:"K
ACCEPT"ENTER FILE NAME FOR INPUT
READ(11,900)OUTFC1)

900 FORMAT(S15)
CALL DFILW(OUTF. IER)
IF(IER.EQ. 13)00 TO 910
IF(IER. NE. 1)TYPE"DELETE FILE ERROR)", IER

910 CALL CFILW(OUTF,2,IER)
IF(IER.NE.1) TYPE "CREATE FILE ERROR",IER
CALL OPEN(1.OUTF,3,IER)
IFCIER. NE. 1)TYPE"OPEN FILE ERROR'. I.ER
ACCEPT"QUANTIZATION TYPE C 1-TRUNCATION, 0-ROUNDING) alOPT

Al-A-I

DO 56 L=1,K

FF(L)=0
NN(L)=O
SS(CL )=0

* * MM(L)=0
58 CONTINUE

IF(OPT.EG.1)GO TO 11
IF(OPT. EQ. 0)G0 TO 91

C
C TRUNCATION OPTION
C

It DO 10 1In1,R
IF(XSCI).LT.O.O)GO TO 81

* HH(1)=O
GO TO 82

at8 HHC1)=l
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82 DD(I)-2.0*ABS(XS(I))
.rX C******THE LOOP 20 IS USED TO CONVERT THE*******

~ C DECCIMEL NUMBER TO DINERY.
DO 20 N=2,K

IF(BB(I).GE.1.0)GO TO 30
HH(N)=O
GO TO 40

30 HH(N)-1
BBC Z)mDB(I)-1. 0

40 . BB(l)-DDCI)*2.0
220 CONTINUE

, C******END OF LOOP2******.44***.**
BK(I)-O.0

C**,*********THE LOOP 60 IS USED TO CONVERT THE *****

C BINERY NUMBER TO DEC IMEL.
DO 80 N=2.14

60 BK(I)-BK(I)+HH(N)*C2.0O**(-N+1))
v C**********END LOOP 60******************

IF(HH(1).EQ.1)GO Tro 100

GO T0 110
100 BNCI);=-BK(I)

-'110 D(I)=X5C1)-DN(I)
10 CONTINUE

SI C*******THE INFORMATION OPTAINED ABOVE IS STORED IN THE FILE**********
WRITEC 10. 204)R
WRITE(10.205)K

WRITEC1s.400)R
WRITE ('2400W.

WRITE(1O,206)
WRITE(10, 200)
WRITE C10.201)

400. FORMATC2OX. 15)
204 FORMATC4X,"NUMBER OF SAMPLE 11,19)

.5S205 FORMAT(4X. "WORD LENGTH :I l,19)
'S206 FORMATC4X,"USED QUANTIZATION TYPE IS TRUNCATION")

200 FORMAT(4X. "I'%8X. "INPUT X(I.)". 5X. "SCALED XS(I)".2X. "ROUNDOFF ERRI
201 FORMATC4X# "-"a 6X# Is---------- $Is4Xs "-------------"its2X, 1-------------

DO 203 I=1.R
WRITEC 10,202)1. XCI). XS(I),D(I)
WlRITEC 1, 202) I.XCI). XSCI),D(l)

203 CONTINUE
202 FORMATCIX. 14s2X.E14. 7.2X.E14. 7.2X,E14. 7)

CALL CLOSEC1.IER)
IF(IER. NE. 1)TYPE"CLOSE FILE ERROR", IER
WRITEC 10, 210)

210 FORMATC1X."*TRUNCATED INPUT IN BINARY")
DO 207 I-1.R

IFCXS(I).LT.0.0)GO TO 212
HH(1)-0

..- :.GO TO 213

212 HHC1)-l
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213 BB(I)-2.O*ADS(XS(1)) -

DO 214 N-2,K
IF(BB(I).GE.1.O)GO TO 215
HH(N)-O
GO TO 216

215 HH(N)ml
B(I)-BB(I)-l. 0

216 DD(I)-BD(I)*2.0
214 CONTINUE

WRITEC2. 208) (HH(N) N-1. )
W1R ITE( 10.208) (HH(N) N-1, K)

208 FORMAT(12X.200(I1))
207 CONTINUE

GO TOS 55
C
C END OF TRUNCATION OPTION
C

*c ROUNDING OPTIXON
c

91 DO 28 I=1.R
FF (1) =
IF(XS(I).LT. (0.0))GO TO 21
FF(l1)0O
GO TO 22

21 FF(1)=1
S 22 BE(l)-2.0*ABS(XS(I))

C*******THE LOOP 23 IS USED TO CONVERT THE *****~*

C DECIMEL NUMBER TO BINERY
DO 23 N=2,AA

IF(BE(I).GE.I.0)GO TO 24
FF(CN) -O
GO TO 25

*24. FF(N)-1
BE(I)DBE(I)-1. 0

25 DE(I)=BE(I)*2.0
23, CONTINUE

C .**********END OF LOOP 2~***************
DO 31 N-1.K.

MM(CN) =0
MM(K)inl

31 CONTINUE
IF(FF(AA).EO. 1)G0 TO 42
IF(FF(AA). EQ. 0)00 TO 37

42 NNN-AA
C************THE LOOP 121 IS USED TO FIND ROUNDED***********

CNUMBER STORED IN FINITE REGISTER
DO 121 JJ-3.NNN

II=NNN-JJ+2
NN(CII )=FF CII )+MM( I ) +SS ( II)
IF(NNCII).LT.2)00 TO 121
NN(Il)=NNCII)-2
SS( (I -I )=1

121 CONTINUE
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Cu**~**u**END OF LOOP12*****4*********
.GOTO 9

37 DO 47 =,
NN (N )=FF (N)

47 CONTINUE
9 IF(FFC1).EQ.MM(1))GO TO 45

NN(1)-1
GO TO 41

45 IF(FFC1). EQ. 1)GO TO 6
NN I )=O
GO TO 41

6 NN(1)-1
41 BA(I)=O.0

C******THE LOOP 130 IS USED TO CONVERT THE ROUNDED *****

C DINERY NUMBER INTO THE DECIMEL NUM)3ER
DO 130 N=2,K

130 BA(I)=BA(I)+NN(N)*(2.0**(-N+1))
C********END OF LOOP13*************

IF(NN(1).EQ.1)GO TO 131
BD(I)=BA(I)
GO TO 132

131 BD(I)=--BA(I)
132 DD(I)=XS(I)-BDCI)
26 CONTINUE

C***********THIS PART OF THE PROGRAM IS USED TO STORE*********
C THE INFORMATION ABOUT THE ROUNDING OPTION

WRITEC 10. 300)R
WRItE( 10. 301)K
WRITE(2. 400)R
WRITEC 1.400)R
WRITE(2,400)K
WRITE(lO. 302)
WRITE( 10. 303)
WRITEC 10. 304)
DO 305 I1.R

WRITE(lO. 306)1. XCI), XS(I),DD(I)
WRITE(1,306)I.X(I),XS(I)bDD(I)

305 CONTINUE
306 FORMATC1X. 14,2XE14. 7.2XE14. 72X.E14. 7)

DO 340 LI1,K
HHCL)=0

* FF(L)=0
NN(L)w0
SS(L0
MM(L)=O

340 CONTINUE
WRITE( 10. 341)

341 FORMAT(lX,:,ROUNDED INPUT-IN BINARY")

IF(XS(I).LT. (0.O))GO TO 311
FF (1) =0

311 GO TO 312
311 FF(1)-1

312 DE(I)-2.0*ABS(XS(I))
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DO 31Z3 N=2,AA
IF(BE(I).GE.1.0)GO TO 314
FF(N)-0
GO TO 315

.314 FF(N)=1
BE( I )BE( 1)-i. 0

315 BE(I)-2.0*BE(I)
313 CONTINUE

DO 317 N1.,K
MM(N)inO
MM(K)-1

317 CONTINUE
IF(FF(AA).EQ. 1)GO TO 310
IF(FF(AA). EQ. O)GO TO 319

318 NNN=AA
DO 320 JJ=3. NNN

IA=NNN-JJ+2
NN( II )FF(11I)+MM(11I)+SS( II)
IF(NN(II).LT.2)GO TO 321
NNCII)-NN(II)-2
SS(II-1)1l

V GO TO 320
321 NN(II)=NN(II)
320 CONTINUE

0O TO 322
* :.19 DO 326 N=2,K

25 26 NN(N)=FF(N)
322 IF(FF(l). EQ. MM(1))GO TO 327

NN (1)-=
GO TO 331

327 IF(FF(l).EQk.1)GO TO 330
NN( 1)-0
00-TO 331

330 NN(1)-l
331 WRITE(2,332)(NN(L),L-1,K)

WRITE(10.332)(NN(L)oL-1,KO
332 FORMAT(12X,200(Il))
310 CONTINUE
300 FORMAT(4X. "NUMBER OF SAMPLES lls19)
301 FORMAT(4X. "WORD LENGTH 11019)
302 FORMAT(4X# "USED GUANTIZATICN TYPE IS .ROUNDING")
303 FORMAT(4X. "I'%6X. "INPUT X(I).",5X. "SCALED XS(I)"I2Xh "ROUNDOFF ERI

304 FORMAT (4 X, -".6X "-----"5X,"- ------------"I',2X."11------------

TYPE "IF YOU WANT OUTPUT TYPE :OUT
C
C END OF ROUNDING OPTION
C

RETURN
END
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Appendix C

Digital Filter Structure

Appendix C contains the program and user's manual

for different digital filter structures. Each program

user's manual explains what the program does. These are

called as follows:

1. OUT

2. COUT

3. POUT

4. NES

" 5. CNES

6. PNES

%
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USER'S MANUAL PROGRAM OUT

FILE: TOUT

LANGUAGE: FORTRAN 5

DATE: September 1983

AUTHOR: Harun Inanli

SUBJECT: Calculating the Direct Form Digital
Filter Response.

FUNCTION: This program is used to compute the
direct form digital filter output
response. The digital filter coeffi-
cient and input signal are taken from
two different files in binary. Then,
they are multiplied and added based
on convolution. The addition is
carried out in two's complement. The
output register is two times larger
than the input register and the output
response is stored in binary.

PROGRAM USE: The program is loaded by the following
command:

RLDR TOUT @FLIB@

SUBROUTINE REQUIRED: None

FLOWGRAPH:

Type Figure

1. Two's Complement of Binary Numbers 26
2. Two's Coplement Addition 28
3. Binary Multiplication 29
4. Shift-left and Shift-right Operator 30
5. FIR Direct Form Structure 31
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EXECUTION OF THE PROGRAM AND ITS RESULTS:

TOUT
BINARY COEFFICIENT FILE NAME: TC
BINARY INPUT FILE NAME: TI
UNQUANTIZE BINARY OUTPUT NAME: TO

The content of the file TC and TI is explained in

Appendix B. The file TO shown below contains the desired

word length with 16, number of samples with 10, and the

output response in binary.

TO

-- 16
10

0 000000000001110111101101000100000
1 000000001011010100010111101100000
2 000000011001010100110011010000000
3 000000100111010101001110110100000
4 000000110000110001111001011100000
5 000000110000110001111001011100000
6 000000100111010101001110110100000
7 000000011001010100110011010000000
8 000000001011010100010111101100000
9 000000000001110111101101000100000

J1
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PROGRAM OUT
AUTHOR HARUN INANLI

C DATE :SEPTEMBER 63
* C LANGUAGE: FORTRAN 5

c .
C FUNCTION: THIS PROGRAM IlB USED TO FIND THE FILTER
c ., OUTFUTBASED ON CONVOLUTION. THE DINERY INPUT
C AND FILTER COEFFICICENT ARE COMING FROM THE FILES
C THESE'VALUESARE CALCULATED BY PROGRAM HA AND IN#.
C RESPECTIVELY.* NEGATIVE NUMBER IS CONVERTED TO THE

c 1TWO'S COMPLEMENT THEN ADDITION IS CARIED OUT IN
c THISNUMBER SYSTEM. THE OUT*PUT WORD LENGTH IS

C SPECIFIED TWO TIMES BIGGER THAN INPUT WORD LENGTH
C THE CALCULATED OUTPUTS ARE STORE IN BINERY IN THE

FILE

INTEGER OUTFILE(7), OUTFC7)
INTEGER X(20,140)PH(20,140).PP(20,140),YC(2O.140)

* INTEGER P(20, 140). 56(20. 140). YY(20. 140)
INTEGER IW, NC, CW, S. F. RRs R2, V. JB, JA
ACCEPT'BINERY COEFFICIEN FILE NAME so
READ(11.50)OUTFlLEC1) .

50 FORtiAT(S15),
CALL OPEN(IlOUTFILE. I.IER)
READ( 1, 60)CW

6 0 FORMAT(20X#15)
READ( 1, 60)NC
DO 70 1=0. (NC-i)

70 READ(1#80)(HCIK).K-iCW)
830 FORMAT(12X,140C11))

CALL CLOSE11,IER)
IF(IER. NE. 1)TYP!E"CLOSEFILE ERROR". IER
ACCEPT"BINERY INPUT FILE NAME:
READ(11, l0)OUTFILE(l)

10 FORMAT(SIS)
CALL OPEN(1.OUTFILE. 1..IER)
IF(IER.NE.1)TYPE"OPEN INPUT FILE ERROR ",IER
READ(1.30) SA

* 30 FORMAT(,20X. IS)
READ(1. 30)IW
ACCEPT "UNGUANTIZED BINERY OUTPUT NAME:
READ C11. 905) OUTF C )

905 FORMAT(8i5)
CALL DFILW(OUTF. IER)'
IF(IER.EG.13)GO TO 906
IF(IER. NE. I)TVPE"DELETE FILE ERROR",.IER

qi06 CALL CFILW(OUTF,2,IER)
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liF(IER. NE I)TYPETREATE-TMERROR". IER
CALL OPEN(2,OUTF,3,IER)

~ -p- IF(IER. NE. 1TYPE'OPEN FILE ERROR". IIR
W-2*IW
WWW-2*IW-1
IWW=1W-1
WW1-2*1W42

0O 400 I=0. (S-i)
DO 410 K=IWW.WW4
XA,K)=0
X(I,$)mO.

410 CONTINUE
DO401 tl'=O.(NC-i)
I F(M.QGT. I) 00 TO AGO
DO 4O2-K-I1.WWW-2

402 CONTINUE
401 CONTINUE
400 CONTINUE

DO 430 M0. (NC-i)
DO 440 K-CWWD WWW

440 H(M, K)-0'
* * ~ 430 CONTINUE

WRITE(2,915)IW
WRITE(2,916)S

S40 FORMAT(12X*140(Ii)).
J=0*
RR-0

* ~JB-0
4:33 JB-%J

0)0 435 J-JD. (JB+9)
DO 436 K5-1.WW1

YY(J. I5)=0
YC(J. K5)-0

436 CONTINUE
435 CONTINUE

IF (JB. EQ.297)00 TO 467
IF(JB. EQ.198)00. TO 467
IF(JB.EQI.99)0O TO 467
TYPE(RR)
IF(RR.*EQ. 400)G0 TO 4584
IF(RR. EQ. 300)00 TO 458

IF(RREQ.20)00 O 45

IF(RR. EQ. 200)00 TO 458

4,67 DO 20'JAmRR, (RR+9)
20 READ(1.40.END4)(X(%iA,K),K=1,IW)
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TTHE BEGINING OF THE'CONVOLUTION

*41 CONTINUE
458 RJA

* DO 921 J=-JB. (%J9+9)
IF(J.GT.(S-l))GO TO 929.
DO 110 M-0,NC-1
LL-J-M
IF(LL.LT.0)GO TO 9R1 .

IF(-J. GE. 4%)B+9) )00 TO. 433
DO 960 II1WWW+2 *

9~S~()CONTINUE
C********THE LOOP 130 IS USED FOR BINERY MILTIPLICATION******

DO 130 R=2,CW
IK.CW-R +2
IF(H(M.KK). EQ. 1)G0 TO 150

--**.*****THE LOOP 160 IS USED FOR SHIFT-RIGHT*i*******u.

i~1 DO 180 K=2.WWW
A I -WWW-Y%+2

CONTINUE
P(M.2)=0

*************END OF LOOP 8****4****
GO TO130

150 DO 160 JJ=2,WWW
*II-WWW-JJ+2
P(M, II)=XCLL..II)+P(M, II)+SS(M.II)
IF(P(M,1 1). LT. 2)00 TO 180
PUI, II)=P(M, II)-2
S3SCM. I-I)=i

CONTINUE
IF(SS(Ml).EG.0)GO To 121

64 DO 528 K=21 WWW
K I WWW-K+2
P(M*K1+4 )-P(Mi 1()

528 ' CONTINUE
P(M,2)nl
GO TO 421

1 3O CONTINUE

t*******END (IF LOOP 130*************
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DO 190 II=2.WW
190 PUI, II)=P(M. 11+1)
* IF(H(M,1).EQ.X(LL'1))GO TO 240

-GO TO 250
240 P(m 5 1)=0

C******THE BEGININQ-OF THE ADDITION OF P AND YY*****.****

;-**********THE BEGINING OF THE TWO'S COMPLIMENT OF P****

250 IF(P(M,l). EQ. 0)G0 TO 600
DO 610 11=2WWW

IF(PCM, Il). EG. 0)G0TO,620
P(Ms 11)-0
GO TO 810

2" 0 P(M.II)-1
810 CONTINUE

DO 602 11,WWW-1
PP(M. II)=0
SS(M.II)in0

CONTINUE

SS(M. WWW)in0
DO 603 II=2.WWW

JJ-rWWW-II+2
P(M.SJJ)=P(Mbjj)+PP(M,JJ)+SS(MJJ)
IF(P(M. JJ). LT. 2)G0 TO. 803

P(CtJJ+) P(M JJ)

t-0 CONTINUE

'booDO 209 IlinlWW

DO 200 JJ2.WW
I I=MWIJJ+ L)- M 1

D Fy(,IT2Q O 200 11,W

1.6 SS (Ms 1I1)

D00 CONTINUE WW
II* 4j~

YY(JII)-Y(JOI)+PMoii+SS(l'a

.1 ~ :*****N OF ADDITION OF P AND Y~*~*******

157



IF(Gs (Mo i. Q1)iGO TO 701
IF(SS(M.2).EQ.1)GO TO 7U1.

~' ~.-.;GO .70 184
I3 D0, 678 II=1.WWW

JJJ=WWW-I 1+1

.4..., 184

0~T TO291

/98 DO**TH 183 X*SDFOR SHIFT-LEFT****1* . *

/9 D 193 II-i WWW
182 YC(JOII)-YY(J,II+1)

L********END'OF LOOP 13~*********,
IF(YC(J,1).EO.0)(O TO 800
DO 810 11-2,WWW

IF(YC(J 1 II). EQ.O)GO TO 820
YC (J. II) =0
GO TO 810

* ~ 32OYC(J, 11)-i

610 CONTINUE
Do 019 IIloWWWl

APO&SS(J, II)mo
819 CONTINUE

DO 829 II-2,WWW
~JJ-WWWA-I +2
YC(J, JJ)=YC(J. JJ)+PP(J. JJ)+SS(J JJ)
IF(YC(JJJ).LT.2)CO TO 829
YC W, %JJ) -YC (Ja JJ) -2

J29, CONTINUE
F300 CONTINUE

WRITE(2,923hJ. CYC(JaJJ)5JJ=1WWW)
110 CONTINUE
~921 CONTINUE

cI

L END OF CONVOLUTION

CALL CLOSE(1,IER)
XF(IER. NE. 1)TYPE"CLOSE FILE ERROR" IER

4'i'95 FORMAT(2X,.5)
9 6 FORMAT(1XI.I5)

9, 10 FORMAT(4X1 "1", 5X, "UNQUANTIZED OUTPUT")
911 FORMAT(4X,"-",5Xp"------------------- )

CALL CLOSE(21 IER)
IF(IER. NE.01TYPE"CLOSE FILE ERROR"5 IER

2Q STOP
I-ND 158
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USER'S MANUAL PROGRAM COUT

'U.-

FILE: COUT
-4-.

DIRECTORY: DP4:OWEN

LANGUAGE: FORTRAN 5

DATE: September 1983

AUTHOR: Harun Inanli

SUBJECT: Calculating the Cascade Form of the
Digital Filter Response.

FUNCTION: This program computes the cascade
form of the digital filter output
response. Ea-h second-order section
coefficients and input signals are
taken from two different files in
binary. Then, for each second order,
they are multiplied and added based on
convolution. The addition is carried
out in two's complement. The output

..of the first second-order section will
be the input of the next second-order

,. section. The final second or er sec-
tion output will be stored ii. che file
as the cascade filter output.

PROGRAM USE: The program is loaded by the following
command:

RLDR COUT OFLIBO

SUBROUTINE REQUIRED: None

FLOWGRAPH:

Type Figure

1. Two's Complement of Binary Number 26
2. Two's Complement Addition 28
3. Binary Number Multiplication 29
4. Shift-left and Shift-right Operator 31
5. FIR Cascade Form Structure 32
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EXECUTION OF THE PROGRAM AND ITS RESULTS:

COUT
BINARY COEFFICIENT FILE NAME: TC
BINARY INPUT FILE NAME: TI
UNQUANTIZE BINARY OUTPUT NAME: TO
ENTER THE NEXT SECOND ORDER SECTION: TO
NEXT SECOND ORDER OUTPUT FILE: OTO

The content of the file TC and TI is explained in

Appendix B. The file TO contains the output of the first

second-order section output response in binary. The file

CTO shown below, which contains the similar data explained

for the file TO in Program OUT, represents the output

response of the cascade form structure in binary.

TO

0 000000000111101110110100000000000
1 000000001111010110111000010100000
2 000000010111000101101100010100000
3 000000010111000101101100010100000
4 000000010111000101101100010100000
5 000000001111010110111000010100000
6 000000000111101110110100000000000
7 000000000000000000000000000000000
8 000000000000000000000000000000000
9 000000000000000000000000000000000

CTO

16
10

0 000000000000001101100010011011000
1 000000000000111001010001101111000
2 000000000010000010001001110000110
3 000000000010111010001110101011010
4 000000000011010111100100101110010
5 000000000010111010001110101011010
6 000000000010000010001001110000110
7 000000000000111001010001101111000
8 000000000000001101100010011011000
9 000000000000000000000000000000000
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PROGRAM :UU
AUTHOR HARUN INANL 1
DATE :.SEPTEMBER 83

LANGUAGE:FORTRAN5

*FUNCTION: THIS PROGRAM IS. USED TO FIND THE FILTER
OUTPUT BASED ON CONVOLUTION BY USING THE CASCADE

* FILTER STRUCTURE THE NEGATIVE NUMBER IS
REPERESENTED IN TWO'S COMPLEMEN4T. THEN SUMMATION
IS CARRIED OUT-IN THIS NUMBER SYSTEM, TOO.

* . THE OUTPUT VALUES IS STORED IN THE FILE.
EACH COMPONENT IS THE SECOND DEGREE FILTER

INTEGER OUTFILEC7),OUTF(7).UUTD(7)
INTEGER X(O:20,140).H(0:20,140),PP(0:20,140),YC(O:20, 140)
INTEGER P(0:20.140),SS(0:20, 140),YY(O:20. 140)
INTEGER 1W. NC. CW. So F. RF, RR, %JBv %)A, 00

6 ACCEPT"BINERY COEFFICIEN FILE NAME:
.READ(11,50)OUTFILE(l)

* CALL OPEN(I.OUTFILE. I.IER)-

0 6 FORMAT(20X. IS)
READ( 1.60 )NC

* DO 70 I0O,(NC-I)
READC1.60)CH(IlO.RK1.CW)

70 CONTINUE
80 FORMAT(12X.140(11))

CALL CLOS3E(1.IER)
IF( IER. NE. I)TYPE"CLOSE FILE ERROR', IER
ACCEPT"BINERY INPUT FILE NAME:
READ( 1.10)OUTFILE(1)

10 FORMAT(SID)
CALL OPEN(I.OUTFILE. 1.IER)
IF(IER.NE.1)TYPE"OPEN INPUT FILE ERROR 11#IER
READ(1,30) S

* 30 FORMAT(20X, 15)
READ)(1.30)IW
ACCEPT 'UNQUANTIZED BINERY OUTPUT NAME:
READ (11. 905 ) UTF(1)

9012 FORMAT(SIS)
CALL DFILWCOUTF.IER)
IF(IER.EG.13)GO TO 906
IF(IER. NE. 1)TYPE"DELETE FILE ERROR". ZER

906 CALL CFILW(OUTF.2.IER)
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iF(IER. NE.1)TYPE"CREATE FILE ERROR". IER
,~-.:CALL OPEN(2,QUTF.3,IER)

IF(IER.NE.1)TYPE"OPEN FILE E-RROR',IER
* . WW-2*IW

IWWW2IW+1

WWL=2*IW.*2
CWW-CW+1-
DO 400 I-0.O (S-1)

DO 410 K=IWWWWW
XC I.K)=0

-) 410'XA.1,K)=O
410' CONTINUE

DO 401 M-O0.(NC-1).
IF(M.GT.I)GO TO 400
DO 4b2 &4m1.WWW+2

* SS(M#K)-0'
*402 CONTINUE

* 40 1 CONTINUE
400 CONTINUE

DO 430 JKzO, (NC-i)
"DO 440 PK=CWW. WWW

44J.), )=
4230 CONTINUE

4.40 FORtMAT(12X.140(I1))

THE DEGINING OF CONVOLUTION FOR CASCADE FORM

mF=0

IF(RF.EO.0)GO TO 513
IF(RF.GT. (NC-3))GO TO 929
ACCEPT'ENTER THE NEXT SECOND ORDER SECTION
READ( 11, 905)OUTF 1)
CALL OPEN(2,OUTF, 1. XER)
IF(IER.NE.1)TYPE "OPEN FILE ERROR",IER
REWIND 2
ACCEPT"NEXT SECOND ORDER OUTPUT FILE '

READC 11. 10)ouTD(i) %
'CALL DFILW(OUTD*IER)
IF(IER.EG.13)GO TO 584
IF(IER. NE. 1)TYPE "DELETE FILE ERROR", IER

584 CALL CFILW(OUTD,2,IER)
IF(IER. NE. 1)TYPE"CREATE FILE ERROR". IER
CALL OPEN(3,OUTD-3.IER)
IF(IER.NE. 1)TYPE"OPEN FILE CERROR". IER'
IF(RF.NE. (NC-3))GO TO bi3
WRITE(3. 915) 1W
WRITE(3.9i)S

513 RR-O
JB-0
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...Ql****rHE BEGXNING OF CONVOLUTION FOR SECOND**************.****

ORDER DIRECT FORM
-f.33 JDB=J

DO 435 J=JB, (JB+9)
DO 436 K5=1,WW1

YY(J, KS)=O
YC(J K5)=O

436 CONTINUE
435 -CONTINUE

IF(RF. EQ. O O)'TO 516
IF(JB. EQ. 297)GO TO 523
IF(JB.EG.198)GO'T0 523 '"

IF(JB.EQ.99)GO TO 523
TYPE RR
IF(RR. EQ. 400)GO TO 458
IF(RR. EG. 300)GO TO 458
IF(RR. EG.200)GO TO 458
IF(RR. EQ. 100)G0 TO 458

'-...****THE LOOP 21 IS USED TO READ THE OUTPUT OF THE******
FIRST SECOND ORDER COMPONENT. THEN, IT

* IS USED AS INPUT FOR NEXT COMPONENT

. :,23 DO 21 JA=RR, (RR+9)
READ(2 923, END-43oERR-929)G0, (X(JAK)oK&1,WWW)

43 CONTINUE

END OF LOOP ********************
GO TO 458

31o IF(JB.EQ.297)GO TO 467
IF(JB. EQ. 198)GO TO 467
IF(JB. EG. 99)GO TO 467
TYPE RR
IF(RR. EQ. 400)GO TO 456
IF(RR. EQ. 300)00 TO 458
IF(RR. EG. 200)GO TO 458
IF(RR. EQ. 100)GO TO 458

.....n*****THE LOOP 20 IS USED TO READ INPUT************

,7 DO 20 JA":RR, (RR+9)
20 READ(1,40,END=41,ERR=929)(X(JA, K),K=l,IW)
41 CONTINUE

*****.**END OF LOOP 2***********************
4b8 RR-JA

DO 92f JaJD, (JB+9)
IF(RF.GT. (NC-1))G0 TO 929
IF(J. CT. (S-1))0O TO 932
DO 110 M=04 2

A LL=J-M
IF(LL. LI.0)G0 TO 921
IF(.J. GE. (JB+9))GO TO 433
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DO 960 1WW2
-P(M, II)0o

Ss(M, I I)=0
CONrINUE

*-a********THE LOOP 130 IS USED FOR BINERY MILTIPLICATION********

* DO 130 R=2.CW
P4K=CW-R+2
IF(H(M#KK).EG.1)GO TO 150

121 DO 160 K-2sWWW
K1-WWW-4+2

i~X) 'CONTINUE
P(M. 2)=0
GO TO 130.

1130 DO 180 JJ=2,WWW
I I=WWW-JJ+2
P(M, II)-X(LL, II)+P(M. II)+SS(M, II)
IF(P.(M. I). LT. 2)GO TO 180
P(M, II)-P(M, 11)-2
SS(M. 11-1)-I

* 180CONTINUE
IF(SS(Mfl1).EG.0)GO TO 121

4 ~DO 5283 K=2.WWW
K 1 WWW-14+2
P(M.Kl+1)=P(M,.K1)

CONTINUE
P (M5 2)=i*
GO 10 121

1.30 CONTINUE

.**-1-***-****END OF LOOP 130******41******
DO 190 II=2,WW

19'0 P(M. II)-PCM. 11+1)
V IF(H(M.1I).EQ.X(LL,1))GO TO 240

P(Mp 1)=1
GO TO 250

240 P(Mo1)=0
C*********THE BEGINING OF THE TWO'S COMPLEMENT OF P*********

*C
2'0 IF(P(M~1).EQ.0)CO TO 600

* DO 610 II=21 WWW
- * .IF (P (Mi II).. EQ. 0) GO ro620

PCM,II)ino
GO TO 610

620 P (M. I I)- rI
610O CONTINUE

DO 602 II=1,WWW-1
PP(maII)ino
S'(m, 1 -z0

b0 2  CONTINUE
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PP(MWWW)1l
SS(M.WWW)=0

DO 603 II=2,WWW
* JJ=WWW-11+2.

-~ P(M.JJ)-P(M&JJ)+PP(MJJ)+SS(M.JJ)
IF P(Ma JJ). LT. 2) GO TO 603

* . P(1,JJ)iP(MJJ)-2
* SS(MJ.J1I)=1

'603 CONTINUE
600 DO 201 II=1.WWW

P (M. JJ+-)=P (M jj)
~.ui CONTINUE

P(M, 1)0

(***********END OF THE TWO'S COMPLEMENT OF P******
DO 209 II=1.WW1

29 SS(M,II)=0
DO 200 JJ=2,WW1

I I=WW1I)JJ+1

IF(YY(J.II).LT.2)GO TO 200

IF(SS(M,1).EG.1)GO TO 781
IF ' S6(M.2).EQ.1)GO TO 701
GO TO 184

7.91 DO 678 II=1,WWW'
JJJ=WWW-IIi-1
yy (j,JJJ+ I) YYAJ j%jJ)

67E8 CONTINUE
YY(J.1)=0

184 IF(M. EQ.2)00 TO 798
IF(LL. EQ. 0)G0 TO 798
IF(LL. CT. J)GO TO 929,
GO TO 110

798 DO 183 II=1,WWW .

183 YC(J,II)=YY(JsII+1)
IF(YC(JI).EQ1.0)00 TO 800
DO 010 II=2,WWW

* IF(YC(J. II). EQ. 0)G0 TO 820

GO TO 810
YC(JIX)=1

H10 CONTINUE
DO 8319 II=11 WWW-1
PP(J#II)0O
SS(J, II)=0

81~9 CONTINUE
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PP(J, WWW)=1
SS(J, WWW)0O
DO 829 I=2,WWW

JJ)=WWW-I1142
YC(J, jj)YC(J. ,J)+PP(J JJJ)+SS(~J.JJ)
I F (VCcWJJ). LTr.2) GO TO 629
YC(J.JJ)-YC(J1 JJ)-2

tw29 CONTINUE
~XJ0 CONTINUE-- -.-

IF(RF.,GT.0)GO TO 586

IF(J. EQ.(S-1))GO TO 654

GO TO 932
~54 CALL CLOSE(2. IER)

IF(IER. NE. 1)TYPE"CLOSE FILE ERROR", IER
CALL CLOSE(l.IErl)
IF(IER. NE. 1)TYPE"CLOSE FILE ERROR", IER

,i*******END OF THE' SECOND, ORDER COMPONENT CONVOLUTION********
GO TO 932

508 WRITE(3,923)J. (YC(J.JJ),J%)J1.WWW)
IF(J. NE. 5-1)G0 TO 110
DO 934 JJ-1,CW
H(O,JJ)=H(RF+3,JJ)
H (I IJJ)=H (RF+4, JJ)
H12. JJ)=H(RF+5# JJ)

9214 CONTINUE
RF=RF+3
GO TO 412

110 'CONTINUE
'12l CONT INUE

CALL CLOSE(3#IER)
1F(IER.NE.1)TYPE"CLOSE FILE ERROR'%PIER
CALL CLOSE(2, IER)
IF(IER. NE. I)TYPE"CLOSE FILE ERROR". IER

END CONVOLOTION OF CASCADE FORM

--o' FORMAT(2X. IS)
91.6 FORMAT(lX. I5)
910) FORMATr(4X. "I". SXD"UNQUANTIZE-D OUTPUT")
* ''~t FORMAT(4X."-".SX ---------------------

;'3 FORMATUIX,14,3X,140(I1))
929~ STOP

END
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USER'S MANUAL PROGRAM POUT

FILE: POUT

DIRECTORY: DP4:OWEN

LANGUAGE: FORTRAN 5

DATE: September 1983

AUTHOR: Harun Inanli

* SUBJECT: Calculating the Parallel Form Digital
Filter Output Response

FUNCTION: This program computes the parallel
form digital filter output response.
Each second-order section coefficients
and input signal values are taken from
two different files in binary. Then,
for each second-order section, they are
multiplied and added based on convolu-
tion. The addition is carried out in
two's complement. The input to all
second-order sections is the same.
The addition of all second-order sec-
tions will be the required output
response for the parallel form. This
response will be stored in binary.

PROGRAM USE: The program is loaded by the following
command:

RLDR POUT @FLIB@

SUBROUTINE REQUIRED: None

FLOWGRAPH:

Type Figure

1. Two's Complement of Binary Number 26
2. Two's Complement Addition 28
3. Binary Multiplication 29
4. Shift-left and Shift-right Operator 30
5. FIR Parallel Form Structure 33
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EXECUTION OF THE PROGRAM AND ITS RESULTS:

POUT
BINARY COEFFICIENT FILE NAME: TC
FIRST SECOND ORDER FILTER OUTPUT: TO
BINARY INPUT FILE NAME: TI

.- BINARY INPUT FILE NAME: TI
--NEXT SECOND ORDER OUTPUT FILE: TO1

FIRST SECOND ORDER FILTER OUTPUT: TO
ENTER THE FILE NAME FOR FIRST SECOND ORDER: T02
NEXT SECOND ORDER OUTPUT FILE: TO
FIRST SECOND ORDER OUTPUT FILE: T02
ENTER PARALLEL OUTPUT FILE STRUCTURE: PTO

The content of the file TC and TI in Appendix B

and the file TO in Program COUT are explained. The file

*-" TO1 and T02 have the similar type of data as the file TO.

The file PTO contains the output response of the parallel

form structure in binary.

PTO

0 000000001111011101101000000000000
1 000000100101100100000011100100000
2 000000110101000001101011100100000
3 000000110101000001101011100100000
4 000000110101000001101011100100000
5 000000100101100100000011100100000
6 000000001111011101101000000000000
7 000000000000000000000000000000000
8 000000000000000000000000000000000
9 oo0000000000000000000000000000000
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:R OU Ai• POUT
C AUTHOR HANUN INANLI
C DATE SEPTEMBER 83
C LANGUAGE: FORTRAN 5
C
C FUNCTION: THIS PROGRAM IS USED TO FIND THE FILTER

" C OUTPUT BASED ON CONVOLUTION BY USING THE PARALE

C FILTER STRUCTURE THE NEGATIVE NUMBER IS#
C REPERESENTED IN TWO'S COMPLEMENT. THEN SUMMATIO
c , IS CARRIED OUT IN THIS-NUMBER SYSTEM, TOO.

" C THE OUTPUT VALUES IS STORED IN THE FILE.
Co. EACH'COMPONENT IS THE SECOND DEGREE FILTER
C
C**********************************************************************

INTEGER OUTFILE(7),OUTF(7),OUTD(7),OUTA(7),OUTFM(7)
INTEGER X(0:20,140),H(0:20,140),PP(0:20,140),YC(0:20, 140)

INTEGER P(0:20,140).SS(0:20,140).YY(0:20,140)
'INTEGER IW,NCCW, SF. RF, RR, JB, JA.QQ

•.********BINERY FILTER COEFFICIENTS ARE READ BY MEANS**********
OF CHANNEL (1)

ACCEPT"BINERY COEFFICIEN FILE NAME
READ(11, 50)OUTFILE(1)

__ 50 FORMAT(S15)
CALL OPEN(lOUTFILE, IIER)
READ(1,60)CW.

, 60 FORMAT(20X, 15)
READ(1,60)NC
DO 70 1=0, (NC-1)

70 READ(1,0)(H(I,K)IK=1,CW)
80 FORMAT(12X, 140(I))

CALL CLOSE(i1IER)
IF(IER. NE. I)TYPE"CLOSE FILE ERROR",IER

* ~~,;* i**********COEFF*CIEN************************

10 FORMAT(S15)
30 FORMAT(2OX. I5)

C********FIRST SECOND ORDER FILTER OUTPUT IS*********
C STORED IN THE FILE BY MEANS OF
"C CHANNEL (2)

;" C

ACCEPT "FIRST SECOND ORDER FILTER OUTPUT
READ(ll,905)OUTF(1)

905 FORMAT(S15)
CALL DFILW(OUTF, IER)
IF(IER. EQ. 13)00 TO 906
IF(IER. NE. 1)TYPE"DELETE FILE ERROR", IER
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906 CALCFILW(DUTF.2. ZER)
* . IF(IER. NE. 1)TYPE"CREATE FILE ERROR". IER

CALL OPEN(2. OUTF, 3. ER)
IF(IER..NE. I)TYPE"*OPEN FILE ERROR". IER
RFO0

C*******THE INPUT TO THE FILTER IS READ FROM********I C .THE FILE BY MEANS OF CHANNELCI)
C'

412 .ACCEPT"DINERY INPUT'FILE NAME '

READ(1l. lO)UUTFILE(I)
CALL OPEN(1.OUTFILE.1.IER)
IF-(IER. NE. I)TYPE "OPEN FILE ERROR", IER
IF(RFEQ.O)GQO TO 578
REWIND I

!)578 READ(1.30)S
READ( 1.30) 1W
WW.2*IW
WWW=2*IW,Vl
]ww~IW.1
WWI=2*IW+2
C WW=CW+ I
DO 400 1=0, (S-1)

00 410 K=IWW&WWW

'0 XA( I.K)=0
410 CONTINUE,

DO 401 11=0.(NC-I)
IF(M.QT.I)GO TO 400
00 402 K=1*WWW+2

SS(M, K)-0
402 CONTINUE
401 CONTINUE
400 CONTINUE

DO 430 M0. (NC-I)
DO 440 K=CWW. WWW

440 H(M.K)0O'
430 CONTINUE

40 FORMAT(12X.140(II))

C THE"BEQINING OF CONVOLUTION FOR EACH SECOND
C ORDER FILTER
c

J)=0
IF(RF EQ. 0)GO TO 33
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C***.***NET SECOND ORDER rFLTER OUTPUT IS STORED IN THE******
.c FILE BY MEANS OF CHANNEL(3)

C
q -' ACCEPT "NEXT SECOND ORDER OUTPUT FILE

READ(11. 10)OUTD(l)
CALL DFILW(OUTDIER)
IF(IER.EQ.13)GO TO 564
IF(IER.NE.1)TYPE "DELETE FILE ERROR".IER

54 CALL CFW(OTD2,E) LSERO'.I

CALL OPEN(3.OUTD#3,IER)
IF(IER. NE. 1)TYPE"ODPEN FILE ERROR". ZER

513 RR=0

4~ JB=J

DO 435 J=dD. (JB+9)
DO 436 K5=1.WWI

YC(JK5=
436 CONTINUE

435 CONTINUE
IF(JB. EQ.297)00 TO 487
IF(JB. EQ.196)00 TO 467
IF(JB.EG.99)GO TO 467
IF(RR.EG.400)GO TO 458
IF(RR. EQ.300)G0 TO 458
IF(RR. EQ.200)00O to 458
IF(RR. EQ.100)G0 TO 45B

C**********THE LOOP 20 IS USED TO READ INPUT************
C

467 DO 20 JA=RR#,(RR+9)
.4'20 READC1,40,END=4.,ERR=929)(X(JAdK),K-1, 1W)

41 CONTINUE
C
C **********END OF-.LOOP20***********

* A458 RR=J)A
DO 921 J=JB. (JB+9)

IF(RF.GT. CNC-1))GO TO 196
IF(J.QT. CS-1))0O TO 932
DO 110 M=0,2

LL-,J-M
IF(LL.LT.0)G0 TO 921'
IF(J. GE. (JD+9))GO TO 433
DO 960 IIinl.WWW402

P(M, II)0
SS(M. II)=O

960 CONTINUE



C*********THE LOOP 130 IS'USED FOR BINERY MILTIPLICATION********

DO 130 R=2,CW
KK=.CW-R +2
IF(HCMKK).EQ.1)GO TO 150

121 DO 1 60 K=2&WWW
K1=WWW-K+2
P CMPK1(+1 )=P CMKl)

* .160 CONTINUE
- P(Mj2)=0

GO TO 130
150 DO. 180 JJ-2.WWW

II=WWW-JJ+2
PCM, II)=X(LL. II)+PCM. II)+SSCM, II)
21F(P(M, II). LT. 2)00 TO 180
PCM. II)=P(M.iIl)-2
S4M. II-1)=1

180 CONTINUE
IF(SSCM,1).EQ.0)GO TO 121

N,764 DO 528 R=2,WWW
* K 1=WWW-K+2

(M. K1+I)=PCM. Kl)
528 CONTINUE

P(M, 2)-I
GO TO 121

130 CONTINUE
c
C**********END OF LOOP 130*************

* * DO 190 II=2,WW
190 PCM, II)=P(Mo.#1+)

IF(H(M,1).EG.X(LL,1))GO TO 240
* PCM, 1)=

GO TO 250
240 P(Ma 1)=O

C*********THE DEGINING OF THE TWO'S COMPLEMENT OF P*********

250 IFCPCM,1).eG.0)GO TO 600
DO 610 II=2,WWW

IF(P(M. II). EQ. )G0 TO 620
P(M. II)=0
GO TO 610

620 P(M.II)=1
*610 CONTINUE

DO 602 1I-i. WWW-1
PPCM, II)=0
66CM, II)=0

q602 CONTINUE
PPCM.WWW)=i
~SCM, WWW)0O
DO 603 II=.2.WWW

JJ=WWW-I 1+2
P(M, JJ)=P(M. JJ)+PP(M. JJ)+SS(M. iJ)
IF (P (M, JJ). LT -2) GO TO 603 .

P(M,4JJ)-P(M,JJ)-2

603 CONTINUE
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600 DO 201 II=1.WWW
~JJ=WWW-I 1+1
P(M. JJ+ )=P(M 1 JJ)

201 CONTINUE

C P(M,1)=0

C**********END OF THE TWO'S COMPLEMENT OF P******
C
C***.**THIS PART IS USED FOR I3INERY ADDITION************
C

DO 20c? II=1.WWI
209 Ss ("I I) i

IF(YY(J. II). LT. 2)00 TO '200

-100 CONTINUE
IF(SS(M.1).EQ.1)GO TO 781
I F(SS (M,2). EQ. I) 00 TO 701
GO TO 184

781 DO.678 ii-1.www
JJWWW-II+1
YY(J, JJJ+1 )YY('J, JJiJ)

678 CONTINUE

184' IF(M. EQ. '2)00 TO 798
IF(LL.EQ.0)GO TO ,798

798 GO TO 110
798 DO 183 II1.~WWw'
IS3 YC(JO11)-YY(J,II*1)

IF(YC(Jol).EQ*-0)GO TO 800
DO 810 I1=2.WWW

4IFCYC(J,II).EQ.0)GO TO 820
YC(J. II)-Q,
GO TO 810

820 YC(J1 11)-i
810 CONTINUE

DO 819 I11. WWW-1

SS(JD II)0
819 CONTINUE

S (%A, WWW)0

DO 829 II-2WWW
JJ-WWW-II+2 )+(JJ)+(JJ')
YC(J. JJ)=YC(J.J)P(,J)S(,J
IF(YC(J.SJJ).LT.2)GO TO 829
VCCJ, JJ)-YC(J. JJ)-2
SS(J, JJ-1 )=1

829 CONTINUE
800 CONTINUE
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* IF(RF.GT.O)GO TO 58a
WR ITE (2, 923) J, (YC (J, JJ), JJ=1, www)
IF(J.EO. (S-1))GO TO 654
G0 TO 932

* 654 CALL CLOSE(21 IER)
IF(IER. NE. 1 )TYPERICLOSE FILE ERROR".IER

C 7

C*********WRITTEN IS COMPLETED FOR FIRST SECOND ORDER FI LTER********
CALL CLOSE(14IER)

-. IF(IERi.NE. l)TYPE-CLOSE FILEERROR",IER
C
C********READ IS COMPLETED FOR INPUT TO THE FILTER*******

GO TO 9321
bee WRITE(3,923)J. YC(J.JJi),JJ=1.WWW)

IF(J. EQ.(S-1))GO TO 359
932 IF(J. NE. 5-1)00 TO 110

- DO 934 JJ1.,CW
H(0, JJ)=H(RF+31 X)
H( 1 JJ)=H(RF+41 jj)
H(2, J~j)=H(RF+5. JJ)

* *.934 CONTINUE
RF=RF+3
IF(RF.GT.3)GO TO 196
GO TO 412 A

110 CONTINUE
921 CON4TINUE
359 CALL CLOSE(3.IER)

lt-(IER.NE.l)TYPE"CLOSE FILE ERROR",IER
C
C*****.**WRITTEN-IS COMPLETED FOR SECOND SECOND ORDER FILTER*****
C
C END OF CONVOLOT ION OF EACH SECOND ORDER FILTER

915 FORMAT,c2X,-I5)
916 FORMAT(1X. 15)

A 910 FORMAT(4X, pa SX, "UNGUANTIZED OUTPUT"),
-~ 911 FORIIAT(4Xo '-"* 5X,--------------------- so)

923 FORr-AT(1X. 14.3X1 140(1I1))
C*******FIRST SECOND ORDER FILTER OUTPUT IS READ******
C FROM THE FILE BY MEANS OF-
C CHANNEL(2)

196 ACCEPT"FIRST SECOND ORDER FILTER OUTPUT,
READ( 11, 905)OUTFILE( 1)
CALL OPEN(2ODUTFILE. 1#IER)
IF(IER. NE. 1)TYPE"OPEN FILE ERROR", IER
*REWIND 2

*ACCEPT"ENTER THE FILE NAME FOR FIRST SECOND ORDER
READ(11, 10)OUTFM(1)
CALL DFILW(OUTFMoIER)
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IF(IER. EQ. 13)GD TO d6~

IF(lER. NE. 1)TYPE"oDELETE FILE ERROR", IER
36C'a CALL CFILW(OUTFM.2.IER)

IF(IER. NE. UTYPE"CREATE FILE ERROR", IER
CALL OPEN(6.QUTFM,3. IER)
IF(IER.NE.1)TYPE "OPEN FILE ERROR".IER
0Q=0
'J=O

312 RR-O

IF (JD. EQ. -0)0GO TO 354.'
221 JB=JG1
354 RR-JA

IF(GQ.NE,0)GO TO 316
C*********THE LOOP 192 IS USED TO READ THE FIRST SECOND********
C ,ORDER OUTPUT

DO 192 JA=RR# (RR+9)
DO 213 JJ=1.WWW

213 YY (JA, %J) =0
READ(2.923,END=193aERR=929)J, CYYCJAK5),K5=I1WWW)

192 CONTINUE
193 CONTINUE

C ***********END OF LOOP 9*********.****
DO 214 JL-JD, (JB+9)

DO 215 JJ=1.WWW
YC(JL#JJ)=0

215 SS(JL.JJ)=0
215 CONTINUE

214 CONTINUE
GO TO 313

316 IF(J.GE.9)GO TO 364
C*********THE OUTPUT OF THE NEXT SECOND ORDER FILTER************
C ' IS READ FROM THE FILE BY MEANS OF
C CHANNEL(3)

ACCEPT."NEXT SECOND ORDER OUTPUT FILE
READ(11. 10)OUTD(1)
CALL OPEN(3,OUTD. I.IER)
IF(IER. NE. 1)TYPE"OPEN FILE ERROR". IER
REWIND 3

C**********THE OUTPUT OF THE FIRST SECOND ORDER FILTER**********
C IS READ FROM THE FILE BY MEANS OF
C CHANNEL(6)

ACCEPT"FIRST SECOND ORDER OUTPUT FILE
READ( 11, 905)OUTFMC I)
CALL OPEN(6. OUTFM. , IER)
IF(IER. NE. 1)TYPE"OPEN FILE ERROR". IER
REWIND 6
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C******TH OUPUTOFTHE PARALLEL STRUCTURE FILTrER IS.*********A*
WRITTEN TO THE FILE BY MEANS OF
CHANNEL(5)

ACCEPT"ENTER PARALEL OUTPUT FILE STRUCTURE
READ( 11. 905iOUTA(1)
CALL DFILW(OUTA. IER)
IF(IER.EQ.13)GO TO 365
IF(IER. NE. 1)TYPE "DELETE FILE ERROR"5 IER

365 CALL CFILW(OUTA,2,IER)
IF(IER. NE. 1)TYPE'CREATE. FILE ERROR". IER,
CALL OPEN(5,OUTA#3.IER)
IF(IER.NE.1I)TYPE"OPEN F ILE ERROR", IER

C**********THE LOOP 323 IS USED TO READ THE FIRST*****u**
C AND SECON'WORDER OUTPUT FILTER

364 DO 323 JA=RR. (RR+9)
DO 366 JJ=1.WWW

Je,6 YY(JAJJ)=O
IF(JA. CT. 4S-1))GO TO 929
READ(3. 923. END=324. ERR=929)J, (VY(JA, K9), K9=1. WWW)
READ(6, 923. END=324, ERR=929)J. (YC(JA. KK5). KK5=1, WWW)

3R3 CONTINUE
324 CONTINUE

:-*********END OF LOOP 323***.********.*
DO 314 J=JB, (JB+9)

DO 315 JJ=1.WWW
315 SS(J.JJ)=O
314 CONTINUE
313 00 194 J=JB, (J13+9)

DO 195 K=2,WWW
JJ=WWW-K4+ i
YC (J. 4j =yc (J. JJ) +YY (J. Jj) -SS ()J, JJ)
IFCYCCJ.JJ).LT.2)GO TO 15
YC(J. JJ)=YC .'JJ)-2

195 CONTINUE
IF(SS(J.1).EQ.1)GO TO 216
IF(5S(J.2).EGQ.i)GO TO 216
GO TO 217

216 DO 218 JJ=1,WWW
I I=WWW-JJ+1
YC(J, 1+1 )=YC(J, XX)

218 CONTINUE
217 IF(OQ. EQ. O)GO TO 369

WRITE(5,923)J.(YC(J.JJ).JJ=1.WWW)
GO TO 380

369 WRITE(6,923)J.(YC(J,JJ),JJ=1.WWW)
388 IF(J. GE. (S-t))0O TO 311

1F*(J.GE. (JB+9)).GO TO 221
194 C ON'rINUE
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* ..... . ... .

J"=- I

" -JA-0

"CALL CLSE(6,IER)
IF(IER. NE. 1)TYPE"CLOSE FILE ERROR", IER

WRITTEN OF THE FIRST SECOND ORDER FILTERS*********iS COMPLETED*************
IF(GG.GE.2)Q0 TO 373
GO TO 312

i/3 CALL CLOSE(5, IER)
IF(IER .NE.1)TYPE "CLOSE FILE ERROR', IER

WRITTEN OF THE PARALLEL FILTER OUTPUTS*****IS COMPLETED**********************
927 STOP

b 2 . .
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USER'S MANUAL PROGRAM NES

SFILE: TNES

DIRECTORY: DP4:OWEN

LANGUAGE: FORTRAN 5

DATE: September 1983

AUTHOR: Harun Inanli

SUBJECT: Calculating the Nested Filter Output
Response.

- FUNCTION: This program is used to calculate the
nested filter output response based on
the equation below:

*: Y(N) = H(0)(X(N) + H(1)(X(N-1)

+ ... + H(M)X(N-M))...)

where N and M = number of input and
coefficient, respectively; Y = output;
X = input; and H = coefficient.

Thie filter coefficients and inputs are
-iken from two different files. The
necessary addition is carried out in
two's complement. Then, the output
will be stored in binary.

PROGRAM USE: The program is loaded by the followingcommand:

RLDR TNES @FLIB@

, SUBROUTINE REQUIRED: None

FLOWGRAPH:

Type Figure

1. Two's Complement of Binary Numbers 26
2. Two's Complement Addition 28
3. Binary Multiplication 29
4. Shift-left and Shift-right 30
5. FIR Nested Form Structure 34

.d1 .
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EXECUTION OF THE PROGRAM AND ITS RESULTS:

TNES
NESTED STRUCTURE BINARY COEFFICIENT FILE NAME: NC
BINARY INPUT FILE NAME: TI
UNQUANTIZE BINARY OUTPUT NAME FOR NS: NO

The contents of the file TI in Appendix B is

explained. The file NC which has very similar data to the

file TC explained before, represents the nested filter

coefficients in binary. The file NO, representing the

"- - Nested filter output response, has also the similar data

explained in Program TO.

7'.9

°. -

-.'°

"J " " .." 179

. • °. .

'.---. .-.... -.... .'.-'. . ..-. -. i . " -.- , .



b-H138 082 STUDY OF FINITE WUOR LENGTH EFFECTS IN SOME SPECIHL 3/3
CLASSES OF DIGITAL FILTERS(U) AIR FORCE INST OF TECH
WRIGHT-PATTERSON AFB OH SCHOOL OF ENGI. H INRNLI

UNCLASSIFIED DEC 83 RFIT/GE/EE/83D-32 F/G 9/2 NLIIIIIIIIIhIEI
EhhIhhhhlIhhlE
EhllIIhhlhlllE
*EEEEE



AL2e
11.2

C Ail

1. 1....0

111111-5 L 16

ICRCP -EOUTO TES CHART

-AIOA BUEA OF STADADS19 -

EM%

% % %A%ii% % %
4. %U

4~q N%



': ,K",.. PROGRAM : NES

AUTHOR HARUN INANLI
DATE SEPTEMBER 83
LANGUAGE: FORTRAN 5

c FUNCTION, THIS PROGRAM IS USED TO CALCULATE THE NESTED
FILTER OUTPUT IN DINERY. THE INPUTS TO THIS

c PROGRAM ARE TAKEN FROM THE FILES. THEY CONTAIN
C NESTED STRUCTURE COEFFICIENTS AND INPUT VALUES
C .IN BINERY THE OUTPUT OF THE NESTED STRUCTURE IS

STORED IN THE FILE IN BINERY SUCH THAT WORD LENGT
OF THE OUTPUT TWO TIMES BIQGER THEN THE WORD

C LENGTH OF THE INPUT;
N *•

INTEGER OUTFILE(7),OUTF(7),XX(20, 140),Y(20, 140).X1(20, 140)
INTEGER X(20,140),H(20,140),P(20,140),SS(20,140),PP(20.140)
INTEGER IWNCJCWS, J. I J1,RK. IIKKK.FQ, IAo ID, ICWW1.CWW

-.- .,,-****THIS PART IS USED TO READ THE NESTED STRUCTURE**************
COEFF IC IENT.

.-. ACCEPT"NESTED STRUCTURE BINERY COEFFICIEN FILE NAME :
READ(11.50)OUTFILE(1)

50 FORMAT(S15)
CALL OPEN(1,OUTFILE,1,IER)
READ(.1o O)NC
READ(1,60)CW

e,0 FORMAT(5X, 14)
DO 200 IJ=O, (NC-I)

DO 201 JJ==l (2*CW+1)
*01 H(IJJJ)-O
200 CONTINUE

1-0
DO 70 I=O, (NC-I)

?o READ(l, 80) (G.(H(I, K), K=I, CW) )
* O FORMAT(IX, 14 lOX, 140(I-1))

CALL CLOSE(l,IER)
IF(IER.NE.J)TYPE"CLOSE FILE ERROR", IER

C********NESTED COEFFICIENT**********************

,*4******CHANNEL (1) IS USED TO READ THE INPUT*******
C FROM THE FILE

ACCEPT"DINERY INPUT FILE NAME
READ(11, 10)OUTFILE( 1

i0 FORMAT(S15)'
.'' CALL OPEN(1,OUTFILE,1,IER)

IF(IER. NE.1)TYPE"OPEN INPUT FILE ERROR : ",IER
READ(1,30) S

10 FORMAT(20X, I5)
READ(1,30)IW
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-7t

***C-4ANN~mL (I) UNDER K NAME OF-OUTFT9 USED_'TDJR IT*****
THE~ OUTPUT VALUES

* ACCEPT"UN(OUANTIZED BINERY OUTPUT NAME FOR NS
READ( 11, 100) OCTFC(1I

.) FORMAT(515)
CALL DPILW(OUTF. lER)
IF(CIER. EQ. I13)00 O 101;o
IF(IER. NE. 1)TYPE"DELETE FILE ERROR". IER
-~CALL CFILW(OUTF,2sIER)
IF(IER.NE.1)TYPE'CREATE FILE ERROR'.IER

.CALL OPEN( ZOUTF1 3.I1ER) -

LF(IER.NE.1)TYPE"OPEN FILE ERROR",IER
WRITE(2,980)IW
WRITE(R. 981)6

9.,; FORMAT(2X. 15)
.I FORMAT(1XI5)

WW=2*IW
S..'.WWW=2*IW+1

.4 IWW=IW-

WWI=2*IW+2
C~WW=CW+ I

I- A~

..,******THE LOdP 400 IS USED TO FIND-~THE OUTPUT************
FOR EACH SAMPLE

40i0 (=R

-~ IF(*I..EQ.360)GO TO 434
IF(I.IEG.300)G0 TO 434
IF(I. EQ.240)90 TO 434
I FC .EQ. 180)QGO TO0434
IF( I. EQ.120)00 TO 434
IF(I. EQ. 60)G0 TO 434
IF(IA.EG.3&0)GO TO 433
IF(IA.EQ.300)0 TO 4:3
IF(IA. EQ.240)00 TO 433k
IF(IA.EQ.180)QO TO 433
I F( IA. EQ. 20) GO TO 433
IF(IA. EQ.60)G0 TO 433

f-*n****THE LOOP 20 IS USED TO READ THE INPUT************
C1 lATA TIME- 4

434 DO 20 J=IA.(IA+9)
.a READ(l,40oEND-41)(X(q#KK),KK-I,IW)
11 CONTINUE

.****EN.D OF LOOP *************
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.1' .sW.******THIS PART IS USED TO FIND THE Y(O)************

*i33 IF(ID.EO.1)GO TO 412
DO 356 %jj-(rw+1).www.

DO 413 jJ-1#WWW

-~ Y(OJ)O

413 CONTINUE
DO 414 N2CW

KK-CW-N+2
IF(H(O,KK).EG. 1)GO TO 415

418 DO46JJ2 W

Y(OsKI+1)=Y(0.KI)
416 ~CONTINUE

Y(O,2)=0
GO TO 414

415 DO 417 JJ)2JWWW
JJJ-WWW-JJ4-2
Y(O, JJJ)=Y(*. JJJ)+SS(O. JJJ)+X CO. JJi)
IF(Y(OoJJJ).LT.2)0O TO 417
Y(O.JJJ)-Y(.'JJ4J)-2
SSWO, J~jj-),n1

-417 CONTINUE
IFCSS(O.1).EQ.04QO TO 418.
DO 419 K=2.WWW

I-1WWW-K+2
a, Y(O.Kl+1)-Y(OKl)

419 CONTINUE
Y W,2) -1
GO '10 410

414 CONTINUE
WRITE(2&923)O. CY(0.JJ),.JJ=-1WWW)
ISB1

C*.**i'*Y(O) IS WRITTEN INTO THEFLE**********
*412 1A-,J

C*********THE LOOP 401 IS USED TO FIND THE OUTPUT*********
c 9 AT ATIME

p, DO 401,R-IP(I+9)
I FliR. EQ. S) 00 TO 500
IF(R. EQ. IA)G0 TO 400
DO 501 L1. WWIl

XX(R,6)inO
10 t CONTINUE

IF(R. CT. (NC-1))QO TO 310
KKK-
F=O
0O TO 312
KKK-NC
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DO ~i355 jr(IW+1),WWW

DO 77B JJ-1,WWW
jC1(RJJ)inX(RjPJJ)

ICzII
IaF(R.CQE.(I+9))GO TO 400

c**w*****THE LOOP 110 IS USED TO FIND THE OUTPUT*******
I AT ATIME.

DO 110 II=F.F+NC-1
IFCKKK.GT.(NC-1))GO TO 444
Jl=KKK-iZ
0O TO 449

449 IFCJI.LE.O)GO TO 401
IF(1J1.GE. NC)GO TO 110
DO 560 JJ-IWWoWWW

"4 'SS(I1.JJ)0O

ii CONTINUE
C*w********THE LOOP 112 IS USED FOR DINERY MrULTIPLICATION*********

DO 112 N-2.WWW
KK=WWW-N42
IF(H(J1.KK).EQ.1)QO TO 113

11 00 DO 4 Km2&WWW
KIMWWW-K+2

114 CONTINUE
PC (IIs2) -0
GO TO 112

L13 DO 115 JJw2.WWW
%hJmWW-JhJ+2

IF(P(11.JJJ).LT.2)PO TO 115

lF(S9(II,1). EQ. 0)GO TO 116
DO 900 K=2. WvW

KL-WWW-K+2
P(I.K1+l)-P(II.K1)

900 CONTINUE
P(11,2)ml
GO TO, 114

112- CONTINUE.

C ****..*END OF LOOP 11***~****4***********
DO 669 JJin2.WWW

L- 69P(IIOJ1J)mP(IIjj+1)
IF(H(J1. 1). EQ. XI(II.1I))GO TO LIS3

Gq(To 119
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.-w-********THE BEGINING OF THE TWO'S COMPLEMENT OF P******

~I ILO- IF(P(I 5 1).EG.O)GO TO 120
DO 121 JJ=2,WWW

I F(0 ( II. JJ). EQ.0) GO TO 122

GO TO 121,
2 11 V-

I CONTINUE
DO 130 JJ-L.WWW-1

PP(I I* J) 0
SS(IIJJ)-0

lj0 CONTINUE
Z4 PP(IIPWWW)-1

SS (I IS~WWW )-0
DO 131 JJm2,WWW

JJJ-WWW-JJ+2
P ( I I. %JJJ)=P (I 1 JJJ) +PP II J.JJ)+SS( I I jjj)
IF(P(XI,JJJ).LT.2)CO TO 131

131 CONTINUE

~**s****#*iTW'SCOMPLEMENT OF ~*~**********

-*ko*********THE BEGINING OF THE TWO'S COMPLEMENT OF X********

~ e~0 IF(Xl(lI+1,1).EG.O)GO TO 123
DO 124 JJ=2, WWW

IF(XICIX.1,jj). EQ.O)GO TO 126

GO TO 124

1 r-4 CONTINUE
Si 60 135 JJ=1.WWW-1

PP(Ir.~j~j)in0
ss ( I I. ) -;-o

* I5 CONTINUE

SS ( I -1 aWWW) =0
DO 136 JJ2,WWW,

.5 ~ JJJ-WWW-JJ+2
-S1 X(11+1# JJJ)u'X1(I V1. iii) +pp (I, %JjJ)+$S(1I, Jjj)

IF(X1t.-II+11 JJ).LT.2)GO TO 136

SS( I I&.)~JJ- )inl
136 CONTINUE

C***.**.**TWO'S COMPLEMENT OF X********
*5% 123DO 137 JJ1I.WWW

Xj(JI+1,JJJ+1)-gXI1+1,JJJ)
~ ~~;'CONT INUE
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4 Poo

;,tl**.*******THE BEQINING OF THE TWO'S COMPLEMENT ADDITION*****-****

DO 138 %)%)-isWWI
.Lu SS(II.JJ)=0

DO 140 JJ=21 WW1
4 JJJWWI -J~J+ I

XX (Re JJJ)X( II JJJ) +P( Is JJJ)+SS( 11,JJJ))
IF(XX (Re JJJ). Lr.2)GO TO 140
X X (Re )4J)- X X (R aJJ)-2

140 CONTINUE
IF(SS(II*1).EQ.1)GO TO 949
IF(S9C111 2).EQ.1IGO TO'949
DO 948 %JmfrI4 WW

948 .XX(R#JJ)-XX(R.JJ+l)

949 IF(XX(R,1). EQ. O)GO TO 679
DO 1483 JJ-2JWWW

IF(XX(R, JJ). EQ. 0)00 TO0 149.
XX(R J1J)=0
GO TO 148

149- XXC(Ri JJ)-l
i 4t3CONTINUE

DO 150 %JI.www4-1
PP(Rs JJ)-0
SS(R# JJ)inO

1 50 CONT INUE
PP(RWWW)-i
SS(R. WWW)mO
DO 151 JJ-2.WWW
JJJ-WWW-JJ+2
XX(R.JJ)-XX(RJJJ)+PP(RJJJ)+SS(R.JJ)J)
IF(XX(R,JJJ%). LT. 2) GO TO 151
XX(R. JJJ)-XXCRjkJJJ)-2
SS(Re JJJ- 1 1in

151 CONTINUE

r. p **.*****TWO '$ COMPLEMENT ADDITION****************t*******
678 D0 743 JJml.WWWl
743 X1(II+11 ,J4)-XX(R.J)J)

DO 895 JJ1.WWW
695 ~ XX CR.J)

IFCII1. EQ. (R-1))GO TO 153
GO TOl110

1:53 DO 610 JJ1.WWI
*~ Y(Re JJ)n 5 0

SS(R ,J.J) w%0
CA!0 CON TINUE

- DO 600 Nm2,CW
KK=CW-N+2
I F(H (0, KK). EG.I)GO TO 601

A4 ~ DO 602 K' 2,WWW
K~I-WWW-K+2 5

Y(RK1+1)mYCR#KI)

4 CONTINUE
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* r *~W.7~*-- . ) ~ ~ ~ .I ~%~% *r~

00 TO600
DO 603 jJ=2,WWW

JJJ=WWW-JJ+2
YCRbJJJ)Y(R,JJJ)+SS(RJJJ)+X(I+,%JJJ)
.IFCY(RJJJ).LTr.2)GO TO 603

S(RJJJ-Y1)1JJ-

CONT INUE
IF: ISSR.1. EQ. 0Q0 TO 604

a. DO 930 K-2, WWK-
* ~.: K136WWW-K+2

Y(R 1 K1+1)Y(R, Ki)
933 CONTINUE

Y(R, 2)-I
0O TO;604

- ~ 4-'.0 CONTINUE
DO 690 J.J-2. WWW

Y(RJ 1J)inYCRJi+i)
4IF(H(0vI).EQ.Xl(II+1Dl))GQ TO 620
Y(R. 1)1

-a. -~00 10 621

6.2 1 WRITE(2*923)R1 (Y(R.JJ).JJfr1.WWW)
DO 888 D-VF CF.NC-1)

-~~ DO 777 JJan1WWW

c.88B CONTINUE
1l0 CONTINUE

d .*******.uENb OF LOOP 1O*************
*401 CONTINUE

C**************END OF LOOP 41*************
4%0 FORMATCI2X,140(Il))
9.23 FORMAT(1XI4,3X,140(Il))

* CALL CLOSE (1#IER)
IF(IER.NE.1)TYPE "CLOSE FILE ERROR",IER
CALL CLOSE(2MIEfl)
IF(IER.NE.1)TYPE ".CLOSE F.1LE ERROR", IER

5300 CALL EXIT
E~ND
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USER'S MANUAL PROGRAM CNES

FILE: CNES

DIRECTORY: DP4:OWEN

LANGUAGE: FORTRAN 5

DATE: September 1983

AUTHOR: Harun Inanli

SUBJECT: Calculating the Cascade-Nested Filter
Output Response.

FUNCTION: This program computes the cascade-
nested filter output response. Each
second-order section is acting as an
individual nested filter. The output
of the first second-order section will
be the input to the next section. The
final second-order section output will
be the output response to the cascade-
nested structure. The necessary addi-
tion is carried out in two-s complement
and the output will be stored in binary.

PROGRAM USE: The program is loaded by the following

command:

RLDR CNES @FLIB@

SUBROUTINE REQUIRED: None4'.
FLOWGRAPH:

Type Figure

1. Two's Complement of Binary Number 26
2. Two's Complement Addition 28
3. Binary Multiplication 29
4. Shift-left and Shift-right 30
5. FIR Cascade-Nested Form Structure 35

EXECUTION OF THE PROGRAM AND ITS RESULTS:

CNES
NESTED STRUCTURE BINARY COEFFICIENT FILE NAME: NC
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BINARY INPUT FILE NAME: TI
" -" UNQUANTIZE BINARY OUTPUT NAME FOR NS: NO

ENTER THE NEXT SECOND ORDER SECTION: NO
NEXT SECOND ORDER OUTPUT FILE: CNO

The content of the file NC and the file NO in

Program NEX and the TI in Appendix B are explained. The

file CNO, representing the cascade-nested form output

response, has the similar data to the file CTO explained in

Program COUT.
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P'~JR~i1CNES

%THOR HARUN INANI
Dt-sTE SEPTEMBER 83
t- -NG1JAGIV. FORTRAN 5

-FUNCTION: THIS PROG~RAM IS USED TO CALCULATE THE FILTEI
OUTPUT BASED ON CASCA DE-NESTED STRUCTURE

c THAT IS, EACH SECOND ORDER COMPONETS OF THr
c CCASCADE FILTER ARE )N NESTED FORM THE NEGA'

c NUMBER IS REPERESENTC:D IN TWO'S COMPLEMENT

C SUMMATION IS CARRIED OUT IN THIS NUMBER SYS

INTEGER OUTFILE(7),OUTF(7).XC2O. 140),Y(20. 140),Xl(20, 140)
INTEGER X(2O.140),H(2O.140).P(20,140),SSC20,140).PP(20 140)1
INTEGER IWNWSJI~,oIKK,,F00#UD7.W
ACCEPT'NESTED STRUCTURE DINERY COEFFICIEN FILE NAME
READ(11D 50)OUTFILE(l)

50 FCJRMAT(515)
CALL OPEN(1,OUTFILE. I.IER)
READ(1, 60)NC
READ( I. £JO)CW

-o FORMAT(5X. 14)
DO 200 IJ=0. (NC-I)

-~ DO 201 JJ-I,(2*CWI1)
1101 H(IJ.JJ)in0
r-00 CONTINUE

C ********BINARY NESTED FILTER COEFFICIENTS ARE READ BY******,*
c MEANS OF CHANNEL(I)
C

DO0 70 I-0. (NC-I)

s0 FORMAT(IX, 14. lOX.140(I1))
CALL CLOSE(la IER)

S IF-(IER.NE. 1)TYPE"CLOSE FILE ERROR". J1R

J***.**4**,*NESTFD FILTER COEFFICIENT*******11***********

C c2*.**.*THE INP'UT TO THE FILTER IS READ FRiH1*-p*********
THE FILE BY MEANS OF CHANNELki)

ACCEPT"LIINERY INPUT FILE NAME
nEAD(11. 10)OUTFILE(l)

10 FORMAT(S15)
CALL OPEN(1.OUTFILE. I. ER)
IF(IER. NE. 1)TYPE"OPEN INPUT FILE ERVORh "IER
READ(1, 30) S

30 rjRMAr(20x, io)
RiEAD(1. 30)1W

Cv,*********FIRST SECOND ORDER FILTER OUTPJ. IS *******4 *-'S'fORED IN'THF FILE BY MEANS
CVIANNEL(2)

d ACCEPT UNGUANTI ZED BINERY OUTPUT NAM;. FOR NS
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D 4L [I- LW (OVrF, I ER)
r" . JilER EQ. 13)GO -in ioi

TF-TLER NE. I) TYPE"DELETE FILE ERROR". Mb

Trt'IER NE 1)TYPE"CREATE FILE ERROR", XEv
%.,- 0PC.N',OUTF, 3D IER)
ib"! ER NE. I )TYPE"IOPEPI FILE ERROR", IER

4.. Ww - I W +1

WWI=2*IW+2
(WW zCW+1

* t..THE BEQINING OF THE CALCULATION OF THE CU' JT
FOR CASCADE-NESTED STRUCTURE

S0.-

00=0

IF(RF. EQ. 0)G0 TO 513
IF(RF. GT. (NC-)OO 'ro.500
*.*FRSTSECOND ORDER FILTER OUTPUT, WHI;.r4*******

IS INPUT TO THE NEXT SECOND ORrL":R
FIL.TrER. IS READ BY MEANS OF
CHANNEL (2)

ACCEPT"ENTER THE NEXT SECOND ORDER SECi ION
READ(11, 100)OUTF(1)
CALL OPEN(,2,OUTF.1.IER)
IF~ (ER. NE. I )TYPE"OPEN FILE'ERROR". IER
REWIND 2

(.'--,;******THE NEXT SECOND ORDER OUTPUT IS STOP.<D*******
c IN THE FILE BY MEANS OF CHANNEL 3)

ACCFPT"NEXT SECOND ORDER OUTPUT FILE

CALL DPILW(OUTD. IER)
IF(IER. EQ.13)00 TO 504
IF(WCR.NE I)TYPE "DELETE FILE ERROR" IEl~
CALL. CFILW(OUTD,2,IER)
IF(IER. NE..t)TYPE"CREATE FILE ERROR". IEf'%
CALL OPEN(3. OUTD. 3.IER)
IF(IE-R. NE. 1)TYPE"OPEN FILE ERROR". IER
WRIrE(3, 91D)1W

C.. COrrINUE
* C~.-.***THISPART IS USED TO FIND THE OUTPUT l*.***

c EACH SECOND ORDER F~ILTER

IF iRF NE. 0)G(0 TO 454
IF t EC)1e'GO TO 434
I ( I EQ. 300 V* TO 4144
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'-,,o L'Go ro q34

U). >7 120)40 TO e:14

iEQC 60)(;0 TO 12

1IM E() 300)) GO tro 4z3~1
I A FQi -4o)Go Tro 433

~A Idu. 1)(fO TO 433
[I IA 0.~ 120)G0 TO 433

a. i IA. EQ. 60)00 TO 433
-. t~* I! -4THE LOOP 20 IS USED TO RLAD INPUT * *****

'I. .~f 0 = J~IA, (1A49)
FREAD (1, 40, END=41) (X (JKK 'K=1, 1W)

4L CO'NTINUE

**V***ENDOF LOOP 2***********
* L T U 15

itEQ. 360)GO TO 16
iFI. EQ. 300)G0 TO 16
I Fi1. EQ. 240)G0 TO 16
IFf .EQ. 180)G0 TO 16
"F*1 EQ. 120)00 TO 16
IF(I. EQ.60)G0 TO 16
Ill'1A EQ. 360)00 TO 17
IF I.EQ. '300)G0 TO 17
ir-.IA. E0.240)GO TO 17
I F fA F Q. 1030) GO T 17
I F I A. v.(i. iL7,) co 'To 17

__ !,:', E61 6O0O TO 17
(-*.*4I1~1-00QP 4'")~ IS kUSE TO READ THE INPUT *****

c N'i:X SECOND) ORDER FILTER

R~EAD (2, 92:.3, END'=453)QG (X (J, JJ)) JJ-1, W,.)
M'..*. 4TINUE

~~r~.**~rOF LOOP 42***********
aCC f I NOiE

-- ****T41IS PART OF THE PROGRAM IS USED TO*-,,-***~*****
* FIND. THE Y(O)

IF(113 EQ. 1)C0 TO 412

110 356 JJ= I Ww'WWW

00 413 JJ=I.WWW
Y(0, JJ) =0
2(0, JJ) 0

4 1. CONWINUE
DO 414 N=2CW

KK:=CW-N.2
lF(H(0,KK). EQ. 1)G0 TO 415i

4l~ DU 416 K=2,WWW
* I1WWW-K4-2

a *'JTINUE
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JL 'jJ~zWWW-JJWWW

I t FY (0, JJJ). Lr. 2,) 'O r 417
y (c) JJ.J -Y (0, JJJ)

Q:NT I Nur
iI(SS(0..I).EQ.0)0O 418J
L)L 419 i-,WWW
KL=WWW-K+2

4,9 CONTI NWE
Y (0, 2) =-I

* GO TO 411
1 4 %"ONTINUE

1! 333 J.J=1,WWW
V (0 JJ1 -.--y(0, j+ )

RF.RFNE. )GO r0 455

i';f3 TO 4 1..

***~~~ iTI ON OF THE Y (0)******41i-**

00O 401 P1 , ( 1+9)
IF (RF. EQ. 6)0 G'TO 500
IF(R. EI. B)GO TO 486
DO 501 L..1,#WW1

*CI XX(R,L)-O
I F(R. GT.2) GO rTO 310

G;O TO r312

F=R-2
12 DO 3553 JJ=IWW,WWW

'78 XI (ft, JJ)=X (R. JJ)
IF(R.%'" (I+9))GO TO 400

'.*****u*THE LOOP 110 IS USED TO CALCULATE IHE OUrVPUT**W****K*
OF EACH SECOND ORDER FILTER ")N BY ONE

DO 11W II=F,(F+2)
IF(KKK.GE.2)GO TO 444
JI-KKK-11I
GO r10 449

444 l ?--I
449 IF(.J1.LE.0)GO TO 401

DO J.0 fI WW, WWW
~560 H(J1.,JJ)=0

00 111 JJI1WWW
S.-( I I I 1JW) =0

.LOO 112T NU IS USED FOR BINERY MILl TI-A1CAT IC4v-11 r
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DO) 1 1: N=2, WWW

00 J *WWW-K s2

Cur II INUE
PC I I.2)=0
GO f0 11.2
Mo 1ii. JJ=2, WWW

,iJ'- WWW-JJ-L
11 (11, JJJ)=P (1I.. JJ~J) tXl CIII ijJJ ItS(II, JJJ)
IF(P(I1,JJJ).LT2)GO TO 115
PCI! JJJ)-P(II3 JJJ)--2

* SS( II, JJJ-1 )1
CONT INUE
IIF(SS(II,1).EG.0)GO TO 116
D13 ')00 K=2.. WWW

KI.-4IWW-'4 2
-% P'Fill1+1 )=P( I, KI)

* .CONTI NWE

oU -I L'116

~-**~--*ED OF LOOP 1*******4** *

*4~4~DO 661f J,=2, WWW

IF(H(JI, I). E. XII11, 1))GO TO 118

GO '10 1L9
P(ILI, I) =0

.4 (N-*4********w*THE BEQININO OF THE TWO IS COMPLEM":NT OF P******i****

IF(P~1)~A3O.~TO 120
Y. 0O 12l JJ-2,WWW

I F(P ( I I, J). EG.0) GO TO 122
PCI!. J.J) -O
CO TO 121

12K' PCII,JJ)al
i;~i CONTINUE

DO 130 JJ-1,WWW-1

PP( II, JJ)mO

t ." CONTINUE
PP( II WWW)inl
ss ( I I WWW)=O0
DO 131 JJ-2,WWW

9. ,.hkfrWWW-JJ+2
P(II,JJJ)-P(I,JJJ)+PPXI,JJJ)+S.II,jj~j)
11'7 P( II, JJ)). LT.2) GO 'ro 131

* PiI.JJJ):-PtU,JJJ)-2

.; ~~ .F TWOi-S COM.'PL-Mf,-.NT OFr******-
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L.TH BECLNING OF TWO'S COMPLEMENT OF [(I)*N**

Dcl I4 JJi 2 ii Iw
IF X I( I I + 1 JJ) EG. 0) 4'0 TO 126
x iti i.t - J.J).'-(
(;tj 113 124

* CONTINOE
Do 1L,5 JJ=1,WWW.*1

PP( II.JJ)=0

5 C ONT INOE
pp ( I I WWW)=I
SS( II,.WWW)=O
DO 136 JJ-2,WWW

J,)Jt-.--JJ+2

IFu1I(II+,JJJ).Lr.2)GO TO 136
Xi(l*(1,.JJj)-X1 (I1+1.JJJ)-2

.- *:J4**NDOF I'WO'S COMPLEMENTX(I1)* **4**

DO 137 JJ=1,WWW
Jjj-:.WWW-JJ+J
X1 (I I +-I. JJJ+1 l)=X1 (1I+1, Jjj)

C ONTrI NUE

~**T1~3PART IS USED FOR TWO'S COMPLEMENT 13lrJEny***i*****
ADDITION

D123 JJ=I#WWI

D140 JJ=2,WWI

IF( xx(nJjJ) .L". 2)O 00[o 140
X X 0f,JJJ) =X X(R, JJJ) -2

CONTINUE
lF(SS(11.1).EG.1)GO TO 949
IF(SS(11,2).EQ. 1)00 TO 949
DO 94(3 JJ=1#WWt4

XX(R,JJi)iXX(RoJJ+1)

*.-,-r.**EN0 OF TWO'S COMPLEMENT ADDITION*******.,r**

***,~rilE BEGINING OF THE -TWO'IS COMPLEMENT ; ****

S3UM

lF(XX(R.I).EQj.0)0O TO 678
DO 14b- JJ-2I WWW

ITF- Y X(R , JJ). EQ.0) GO TO 149
X X (f.JJ) =0

~ GO To 148
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DO I rl) JJ= 1,WWW -
PP'.M, JJ)=0
ss (R, J'j)=0

C' CONTIN'UE
Pr (R, W.JW)=
SS(RWWW)=O
DO 151 JJ=2,WWW

JJJ4JzWW-JJ+2
XX(R, JJJ) -XX (R, JJJ) +FF-(Ro J JJ) +SE;(R, JJJ)
IF(XX(RJJJ).LT.2) GO TO 151
XX(R, JJJ)=XXCR JJJ)-2
96CR, JJJ-1 )in

L~i CONTINUE
6713 DO 743 JJ-I.WWW
74~3 X1(1141,JW)-XX(RJJ)

DO 695 JinloWfrd
~A5 XX(RJhJ)-0

~ ~*****NDOF TWO'"S COMPLEMENT OF SM4***4***
IF(II. LiQ. R-MGo TO 153
GO TO 110

L J3 DO 610 JJI,#WWI

SSCR. JJ)0C
610 CONTINUE

DO 600 N-2. CW
IK-CW-N+2
IFCH(0.KK) EQ. )0 TO 601

* DO 602 Kin2,WWW
Ii I=WWW-K+2
Y(R, KI.1)-Y(R. KI)

CONTINUE(#9YCR2)-

v)JJJ=WWW-JJ+2
Y(R, JJ.J)=Y(R. JJJ)+S8CR. JJJ).Xl (11+1, JJJ)
IFCY(RJJJ).LT.2)0O TO 603
YCRJJJ)-Y(R.JJJ)-2
M6R. JJJ-1 )-1

CONTTNUE
IF%"3S(R,1). EQ. 0)00 TO 604
DO 933 K-'2,WWW

K' I -aWWWK+2
Y(R. Kl+ )-Y(R. Ml)

-j3CONrTINUE

0O TO 604
600 CONTINUE

DO 890 JJim2,WWW
L.90 Y(RJJ)=YCRJJ+1)

IFCHCO. 1).EG. XI(II.1. 1))G0 TO 620
Y(R 1 )-1
00 TO 621

20o Y(R.1)-0
2.. .~1IF(RF. NE. 0)00 TO 526

IF(R.EQ. 0)00 TO 110
WR I Tt7:2,923) R (Y (R, JJ), JJ- loWWW)

L14D OF -ALCULt10N OF EACH OUTPUT 9--k FIRST
o4*.#**0tr 11.!) FOER FILTER********4L.********
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DO ,J 13 B=F, (F 2)
DO 777 jJ=1, WWW

,,l(fJ+1, JJ)-X(i+ I,,J,J)

.-'.-'~~ .- I.D:C N I" I 'IUE

IF(R. L0. (S--I))GO TO 76L
GO TO 761
IF (R. E.0) O TO 110
WRITE(3,923)Ro(Y(R,JJ), JJ-=1WWW)

CND OF CALCULATION OF EACH OUTPUT FOF :-JEXT

L,***** ,**SECOND ORDER FILTER***************,.********************
DO 458 B=F, (F+2)

DO 459 JJ=iWWW
459 XI(B+I,JJ)-X(B+I.JJ)
458 CONTINUE

IF(R.NE.(S-1))Q0 TO 761
CALL CLOSE(3,IER)
IF( IER. NE. I)TYPE"CLUSE FILE ERROf, -111P

CONTINUE

110 CONTINUE

.,-Th*****END OF CALCULATION OF FIRST SECOND 0. LER FILTER******

)I 'uT I NUE
•J Fi JRPIAr ( 1.x, 140 (I I)

.,! rPIAT( IX. 14, 3X, 140(11)
(.2 .ALL CLOSE (I, IER)
IF i IER. NE. 1)TYPE "CLOSE FILE ERROR", [,i:R
k :,L. CLOSE (2, IER)

,-(IER.NE. l)TYPE"CLOSE FILE ERROR",ll
4'16 110 493 ,JJ= t, CW

H(l, JJ) .-H(RF+3, JJ)
Hi( 1, ,Ji);---(RF+4,# ,J)

H(2,Jd)=H(RF+5,JJ)
4"93 CONTINUE

RF=RF+3
IF(RF. EQ. NC)GO TO 500
GO TO 525

9.15 FORMAT(2X,15)
916 FORMAT(1X,15)

END OF CALCULATION OF THE CASCAE-NE:',,ED STRUCTURE
OUTPUT

,0 CALL EXIT
L1ND
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USER'S MANUAL PROGRAM PNES

FILE: PNES

DIRECTORY: DP4:OWEN

LANGUAGE: FORTRAN 5

DATE: September 1983

AUTHOR: Harun Inanli

SUBJECT: Calculating the Parallel-Nested Filter
Output Response.

FUNCTION: This program is used to calculate the
parallel-nested filter output response.
Each second-order section is acting as
an individual nested filter. The out-
puts of each second-order section is
stored in different files. Then, they

* are added together in two's complement.
The result will be the output response
of the parallel-nested filter structure.

PROGRAM USE: The program is loaded by the following
command:

RLDR PNES @FLIB@

SUBROUTINE REQUIRED: None

FLOWGRAPH:

Type Figure

1. Two's Complement of Binary Numbers 26
2. Two's Complement Addition 28
3. Binary Multiplication 29
4. Shift-left and Shift-right 30
5. FIR Parallel-Nested Form Structure 36

EXECUTION OF THE PROGRAM AND ITS RESULTS:

PNES
NESTED STRUCTURE BINARY COEFFICIENT FILE NAME: NC
BINARY INPUT FILE NAME: TI
UNQUANTIZED BINARY OUTPUT NAME FOR NS: NO
NEXT SECOND ORDER OUTPUT FILE: NO1
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*' FIRST SECOND ORDER FILTER OUTPUT: NO
- 'ENTER THE FILE NAME FOR FIRST SECOND ORDER: N02

NEXT SECOND ORDER OUTPUT FILE: NO1
FIRST SECOND ORDER OUTPUT FILE: N02
ENTER PARALLEL OUTPUT FILE STRUCTURE: PPO

The content of the file NC is the same as the file

NC explained in Program CNES. The file TI is explained in

" - Appendix B. The file NO, NO1, N02 has the similar data to

the file NO explained in Program CNES. The file PPO,

representing the parallel-nested filter output response, is

also similar to the file CPO explained in Program CNES.

a.7

q
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- - 4-- -

iUR:JIIN IPW-NI

LANG(AG r-fiRTAN 5

FUNCTION. THIs PROCRAM IS USED TO -ALCULATE THE FILTER
OW PU7 BASED ON PARALLE -NESTED STRUCTURE
lI-tAT IS, EACH SECOND Okr' RH COMPANENT OF THE

PARI.LL Fl. ER RE I STED FORM THE NEGATIVE
NU"4DER IS FEPRESENTED If- TWO'S COMPLEMENT.
THEN SUMMAITION IS CARRI; D OUT IN THIS NUMBER
sy'ITEm. T01~..

INTW.GER OUIzLE(7),OUTF(7),XX(20,140),V'ZO,140).XI(20.,140)

* INT!7.GEr IW,N~(,CWS,8. 1,~JlR,&K.IIJA.F.f, O.GGOUTD(7)#CWW
INIF-I'ER JL3.,.L,RR.(,U'TArj(7) ouCFM(7)

A'>,.IrN SI ESILC lRE UINENY CO3EFFICI: N FILE NA6ME N

-' CALL OPEN(I. nUTrFtLF. 1,rTER)

* ~DO 2~00 W~=0. (NC--I.)
rDO) 201 .J0; 1, (" *CW I-i)

.. 0 H( I. JsJJ) -0O
>~O CONTINUE

.**********BINERY NESTED FILTER COEFFICIENTS Ak'iE READ BY*******
MErANS OF CHANNEL( I

00 70 ImO. (NC-i)

act FORMAT(IX. 14. lOX.140(11))
CALL CLOSE(I,IER')
IFU1ER. NE.I)TYPE'CLUSE FILE ERROR". KER

* c
C ****.*****NES7ED FILTER COE-FFIC IlNT********,***********
C
C*********THE INPUTr TO THE FILTER IS READ FROM. i-*************.*

C THE FILE DY MEANS OF CHANNEL(l)
C

ACCEPT1"DINEkiY INPUT FILE NAJME
READ(11. 10jOUTFILE(1)

to FORMAT(S15)
CALL OPEN(1.OUTFILE. 1.IER)
IF(IER.NE 1)TYPE"OPEN INPUT FILE ERROR ",TER
READ(1'30) S

30 FOUMAT(2OX.15
RFAl( 1, 30) 1W
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% fl%

l.**lr*****FIRST SECUND ORDER FILTER OUTPUT IS
4 IN (HE FIL.E BY MEANS OF CHANNEl k2)

c
ACC.EPTLINrGUANTIZED BINERY OUTPUT NAME I-)R NS
REAL)( 11 100) OUTF( I

i~) FORMAT(Si5)
CALL DFILW(LJUTF, IER)
IF(IER. EQ. I3)0 TrO 101
IF( IER. NE. I)TYPE"DELETE FILE ERROR", XE!.

11-11 CAIlL CFII.W(OUTF,2,.XER)
IF ( ER. ME. i TYPE"CREATE- FILE ERROR", M2.
CALL OPEN(2,COUTF. 3,IER)
IF(IER. NE. I )rYPE"OPEN FILE CRROR",IER

WWW=2*IW4-1

WWI =2*1W.4-;.
CWw-CW+ .

THE DEGINIIJ OF THE CALCULATIION OF THF -UTPUT FOR
c. EACH SECOND ORDER NESTED STRUCf:k

IA=O

ltr'fF. EQ. 0(;U Ta !-I')
I F RF. Qr. (NC;- i) )O ro 500

*,a-i***NE,'T SECOlND ORDER OUTPUT IS WRITTEN TO ':HE FILE*********
BY MEANS OF CHANNEL(3)

'a ACCEPT"NEXT SECOND ORDER OUTPUT FILE
READ(ll1 100)OUTD(l)
CALL DFILW(0UTD. 12.11
[FtIER.EQ 1.3) 00 'ro 504
IF( IER. NE. L)rYPE 'DLL~E-E FILE ERROR", IE
CALL CVILW(OUTD,Z!,lER)
1Fi IER. NE. 1)TYPE"CREATE FILE ERROR". IEFR
CALL OPEN(3, UUTD, 3. TER)
IF' IER. NE. I )rYPE"OPEEN FILE ERROR". TER
REWIND I
REA)( 1. 30)S3
READ( . 30) 1Wr

"V, CONTINUE

IF(I. EQ. :?,O)CO TO 434
I 1.EQ. :300) GO TO '134 LOWN
IF .Ea. 2,10)%. 10 epIiducclfro

I F I 1 EQ. 180) G rO 4:4 FP ealb*copy.9
IF(I EQ. i20)c'0 TO 4" PA/KE
IF(1. EQ. 60)(0 TO 43]4 PGI
IF'.IA EQ.360)Go ro

.~~: ~ IF(IA. EQ. 200)G0 'ra 1~
IF( TA. E-0. 240)G0 ro 4..J4
I' IA EO 18'0)CO TO 4 !'1

I -4 A.Lo. i~o)oo ro 43J1
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""*TIT. LOOP.T:; 0!7FD TO REAdC THE INPUr IH :4R**w*

g, 14i K=1,:

IF( I B EQ. .troi:
b****Ti-i1s PAkil. C Ml :-'tRAA IS USED TO** ,***

10=1
DO Jj -i . WWW

- ~ 0 .Jjxj

C ON T INUE
* DO 414 N=;.,

KK=~CW- i'4-'Q
IF(H((). I4~U. i0 I )'UO TO 41i

-DO 4t1) I:;*?, WWW
$d-WWW -W-1

0~ ~~~~ (0I,! ;wi, 2);'O

I F(Y (0- JJJ).- L 1. 2) VO mr 417
Y (0, JJ) --Y(0, J%I)-2
65(0, )J,)- I):---

IF (SS(0, 1 IKQ 0) G TO 410
DO 4 19?K W-2,WWW

JA 146WWW-K 1-.2
C0. K 1 4-.1 TY (0, F

*C ONj 1, 1 NUt:

CONT 1NUC
*DO ill: J -:.L , WWW

* *1'((.,jj):Y'(0. JJ4.j)

IF(F'F NE. 0)(..A TO 45",

S. ~ ;U ft. 41~2
* I4Hj W~lE(3. 923)%i..-. t 'r''0.j1 j , .3:1. WWW)

-,***THE COMPI 11,' P A IN,)**4***** oV***
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* - ~(Az. =J-

4..1"*D 4) 4k.. 1 k C

*F" - . 4*?

OtD) 35!j Ji:-IWW, WWW4

IXl oN *IJ) -~ N

r.**)HE LOCP 1t 10IS USE:D TO) CAi.CUL.fNrE IHL o,.rrPLT*************
0,~ L:ACH Eif.CONL ORI)ER Fli-rEf ONE ONE

r;W r3 1f fj I: (E4':

IF (JI. IA: OiGO AO 0 J
!'i '36(; *J.I'IWW, LWiW

C ONT INUL
C-k--.-t**-**THE LOOP 112 IS USED FOR BINARY MULT .LICATION***41********

14.I=WWW -14+2
i r (,; i -IK). EQ.1) 1%, TO) 113

- DO I I t K-$.2, WWW

JJi. JJJ)XI(l-e4JJ+c ,JJ

1I1, T.JdJ). LT. 2)00O ro 11:5

113. ( 1 L .41J- (1. JJ

I V(SS( 1 1. 1 ) E.G. 0) 0,) i 1 11
DO V60~ K-2, WWWP

CONTIrItI
*r-,N OF 1 (tl t1*
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. H(Ji I i Q. X (ii I I ''- L i I I

* L) I

DO 1211 I, w

H-:(P(j I..JJ). E(.o)-ow To 1.-2
1-1 ( I I. JJ ) =0

C,. 1:30 *J,) I WWW -I

PI I1 11) lJI

I JJ 7z

I , JJJ- 1* I J f II-JJ+

'1,11 NULl

0' '.* . c,:*i7jf) OF TWO'S CcUi'iiLEMENr 11F

i~ii I3E(7IN1N(G UF TWO'S CUPIPLE1ENTr o,

CUD 124 JJ=2sWWW
I F( X I'I I*1, JJ). EQ. 0) (;O TO 126~

YI ((I1 1j, .JJ):z

* .,i' r G 124

-. ~u .1:1 J." -IWW-1

DO) 1 A. JJ2, WWW
dd WWW-JJ*2

IFX111+1, JJJ). L. 2)GO TO 136

, CON'] I NUE

a jt*.*JTHE COe'PLETION OlF TWO'S CGNPLEMENT 0 ~(IL4*~~
- . .00 13Y )J=lWWW

iiJ.), I.- ,&iII -JlJ+ I

-~W'.S Cfll 'LLMENT b6INERY A0.L)TON******40-*
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itl
i ,), i. ); Ca i ra i
1,2 . Q IC 14

* -. LF"10 JJ=, ... ijW.W 1 4

.0,t;?XU, t ~.)0 T '

J. I; L

1: 1.WW

X I .1 I. J.:x (R -0

(R, 0(.JJ)L

... ~~r*~Jr.i 10?' W1F I ,~j

Do) 61f) - '2, CW

U.: tf f ' ) E0. I )GO *rm .o i
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j. J.. I_ - 7,1

y if .

r ol

X ( 1. (0 -;- 0 Io U -1

R. VG. Ir

21 2

. L _F) i. %:. !AI,;W i

'-I..H -t

f~ I

t; ICR DR PIE. 1.N ..)d),LS FILE WRRWW i

- ~~OR A 12 Xj,' I AD' I I, !J

*.,' o f LICL,1% F I>I

A. ~ >JR.'~ Y.R. dJ *JJ~j205W



I F V EQ NC,'0 TO 196

-w** TRST Sr"i ND ORDER OUTPUT IS READ BY, ***

MV-Ai4v. OF CHANNEL(2)

fC "F lwm .r SECOND ORDJER FILTER OUTPUT
HEAL(.1lLO)fUTF(1)

CALL (JPENC2. JUTF# 1. TER)

I~i.NE. I )TYPE "OP~EN FILE ERROR", IER
T'

r *0',HALFL-Mkl:.TRED FILTER OUTPUT IS WRiT .,Nr,********
TOIIH FILE AFTER ADDITION OF Of..
CA iW'W AND) FIRST SECUNiD ORDER SV OUN

ACCr:'IENTI.., ['HE FIl.E NAME F~OR FIRST S;:7 A) ORDER
* I. rFM ( I)

Ri LO~ E. 1.Ji TO 301)
lF L-r' M~E. I I l'PE"DEUALTE F ILL ERROR ", IEF:

f.L FIL.JfuirrPFMP2 [ Ell)
fl:: 'Lo. r.IF. i(IPE "CRIFATE FILE ERROR ". If'
ICALL. IPLI'J '. etJ)TFM, 3, 1 ER )
IFIl NE *I V;etPE -nflV'-N FILE ERROR", IER

-J=

4 ir (ik E0(. 0)(-,'l-, TO 35.4

(1:((v NV.* OlC) 'TO 51t6

(!F'i' 192 1 USED) O0 READ 'THE FlRST SEC ;Zl
fx;c jN oui r.u

1)1) tl-' JA--NF!f (RR49)
r; .IMi J- II ww

*~ :JA, jjI
fk.'AD(2, 92: 1 1' ND=,l 7:. ERR=5O).J. (X (JAP K5) -.I *I WWW)

t.i.-t F1 N jf7
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J t

r ORE OUPU IS. REDBYMJ

AC'.F E'*jj "N'V 9ECON'D ORDER OOTPur FILE

117 NK Ir I* FYPE " OPEiN F ILE ERROR ", I ER

S '5 F"'%:*rA OrOER OUTPUT IS READ BY IJ U;I~ F********

T. c:'* FIRF--*T SECOND ORDER OUTPUT FILE

CALL OPLN(6, nUTFM, 1. IER)
I F( f:R. NE.I .) I PE "OPFN F ILF ERROR ", ER

..*~I..L-gI IfD F I 1T R STRUCTURE OUTPUT
WI I "T 1-%1B MEANS OF CHANNEL (5)

f(A CH Lt i 'l PARALEL OUTPUT F ILE STRUCT&..

C Ai .1. JIF IL i w~' rA, I ER)

RF ( rriF I PE 11DLLL-t-TE F ILE ERROR ", IE;
C CA F L'' -A -.~ 2. 1L~

lF i.?- NIL- I I ,'PI?'(.REArE FILE ERROR", IER
C ALA. O.PL'l (. ourA. 3. IER)
IF 4 i7k MEi I 1'IPE"'IJP!:-N FELE CRROR', TER

W iI-P 3"".1 l!S USED TO R~EAD THE OUTPUT L. THE FlRsTr*******
-. t.JJ * ONDORDER SECTION

Vt Di .J;.. ~ I~ VI .~

REAL) (3, 9*2-1. :ND)=324, ERR=-5OO) J, (X (WA, K.9, ;49-1, WUW)
RioL)(6, 92's L-.ND=324. ERR=500) J, (YJ(,As IKK. K K 5= 1 WWW)

C ON)' ENUI:

wi'tNI, OF LIPt 23***********

'p.5 I'' ~ JI*I WWW
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-7%1 .- 7 .- RI 1 . -. r - -.--- I

.T A D'FT10,N OF FIRST AND ,'N
I(jL;.. 3EC T ION ou.rvu1

v 130 Lg~~~.kJ..,' ,J3

F(Y(JJ).L. 2)O TO 195
i ~ ". ..- ,) );--Y (J J I, -.V

-i CtINT i MOE '

IF(SS(J, ) EQ. 1) GO rO 216
IF( 50(J.?) EQ. ) G0 TO 216

,,J, C 1 " i "

1,- (6 o .O' o rru :h9
wIf I .E ( 15, 9; .) J, (Y(J,,J), .JJJ:- ,WWW)

.**P;RAItL.EL-i.'..TED FIITER OUTPUT IS WRIT;. Ai TO THE FILE********
'.,") TOl i, s,

, . . J~R 1TE (6-5 - , ( Y(i J J ), JJ;= 1, WWW )

-- FIRST SECCL-, b ORDER SECTION IS WRITTEN -0 THE FILE******

1 F(J. (E. (S--I))GO "ro 311
IF ,J.GE (GE. +9))GO TO 221

(ONTINUE

Jz-AO
Ja--

(ALL CLA.. 6b, IER)
IF'I-R. NE. I )TYPE "CLOSE FILE ERROR", If.lt
IF(QGQ.C. 2)0O TO 373

,'v (: T O ""~

CAL-L CLO-L (5, IER)
IF(ER.NEI)TYPE"CLOSE FILE ERROR", IEk

i .. CALL EXIT
IKNO

-. 20... 208
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-- Appendix D

Digital Filter Outputs and Plots

Appendix D contains the program and user's manual

for digital filter outputs and plots. Each program user's

manual explains what the program does. These are called

as follows:

1. OUT1

2. PLOT

3. PLOT1

0

"-.
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" .4USER'S MANUAL PROGRAM OUT1

FILE: OUT1

DIRECTORY: DP4:OWEN

LANGUAGE: FORTRAN 5

DATE: September 1983

AUTHOR: Harun Inanli

SUBJECT: Quantizing the Unquantized Output.

FUNCTION: This program quantizes the output
filter response according to user
requirements of either the truncating
or the rounding technique.

PROGRAM USE: The program is loaded by the following

command:

RLDR OUTI OFLIBO

SUBROUTINE REQUIRED: None

FLOWGRAPH:

Type Figure

1. Two's Complement of Binary Numbers 26
2. Binary to Decimal Converter 27

EXECUTION OF THE PROGRAM AND ITS RESULTS:

OUTI
ENTER UNQUANTIZE OUTPUT FILE NAME: NO
ENTER OUTPUT FILE NAME FOR PLOT: PO
QUANTIZATION TYPE (1-TRUNCATION, 0-ROUNDING) 1

The file NO, representing the digital filter output

in binary, is explained in Appendix C. The file PO shown

below is representing the number of coefficient with 100 at

the top, the coefficient numbers at the first column, the

210
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truncated coefficients based on 20 bits output register at

the second column, the truncated coefficients based on 10

bits output register at the third column and the difference

between these two truncated coefficients.

P0

100
0 .9727478E-03 .OOOOOOOE 00 .9727478E-03
1 .3112793E-02 .1953125E-02 .1159668E-02
2 .6874084E-02 .5859375E-02 .1014709E-02
3 .9014130E-02 .7812500E-02 .1201630E-02
4 .9986877E-02 .9765625E-02 .2212524E-03
5 .9986877E-02 .9765625E-02 .2212524E-03
6 .9986877E-02 .9765625E-02 .2212524E-03
7 .9986877E-02 .9765625E-02 .2212524E-03
8 .9986877E-02 .9765625E-02 .2212524E-03
9 .9986877E-02 .9765625E-02 .2212524E-03
10 .9014130E-02 .78125ooE-02 .1201630E-02
11 .6874084E-02 .5859375E-02 .1014709E-02
12 .3112793E-02 .1953125E-02 .1159668E-02
13 .9727478E-03 .OOOOOOOE 00 .9727478E-03
14 .OOOOOOOE 00 .OOOOOOOE 00 .OOOOOOOE 00
15 .OOOOOOOE 00 .OOOOOOOE 00 .OOOOOOOE 00
16 .OOOOOOOE 00 .OOOOOOOE 00 .OOOOOOOE 00
17 .OOOOOOOE 00 .OOOOOOOE 00 .OOOOOOOE 00

.% 18 .OOOOOOOE 00 .OOOOOOOE 00 .OOOOOOOE 00
19 .OOOOOOOE 00 .OOOOOOOE 00 .OOOOOOOE 00
20 .OOOOOOOE 00 .OOOOOOOE 00 .OOOOOOOE 00

.% : 2115..



c JT: it,: : i,.~iI INA011 I
C AL LAOKA~ JAGE

c
c C i~CM~ THIS PROGRAiM CONVER15 'THF: liXaRY REPRESENTATION
c OF 'ImE DIC'ITEL FILTER 001 RESPONSE TO THE.'
C DEC IMEL NUMBER SYSTEM.

[[*i: ON YY(b-)0),YT(53OO.fl(5OO)
-! !NTE(.i'H Ok1TF~i_;._7), OP,MMGQ0, 140),SS(2O, i

N I*i. Wi1. Dw0 S, HR
% "VATF-r! kN-s I ?Ei OUTPUT F1X. 14/0'.

1 .1. ~I~N fr:~ i i-1 V

PE*~:-.1 f:. i L: C:RHOR', It:,H

4 Ak.'.230) C

I IX, 15)

2v "i:4 rE c)')TP rIL-E Wi,,ME FOR PL-OT

AL 1. 9j0)Mfl'r* 10

.F( EN k-~ 13)C aJ TO 9.&0
F ( I r: R NE. I ) fP E "DELE:I E F 1L.F~ ERROR'I TER

9I*:* ALL. *'_ :-1LW(O0TJF. 2. wVR
11-kIE. NE. 1)TYtPE"CREA-1TE FILE ERROR", IER

-4A. ' NI0 ( 2, OUTF, 3, ~I.
ii 1FH 01E. t )TYPE"OPFM FIL.E ERROR", IFR

r -ILI-UANTI ZATION TYPE (I-TRUNCATION, 0-H Il fi INO)" OPT

S. iE. . 2 .1 ),2

4.) S- I ), 20~+9

:.-(UPT.C())0 OO fl 00

I~~~ ON ri 0

r

copy avalrbetDTCde O

212 e~mi fuly legible reproductiO3k
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CU ArE**-** ...

I I -. 2 , ;k t

yi r i c) i er, r o '

'i 1 );;0. ()

~TH Lf 0.UOF 140 15 USkED TO (C-LATE

- I'~ - .:' f ~'U **(-I1+~

J! C) o i~

-. ~Y I'T~

-ac V HF:Y' uR rui'.ui AlNED ABOVE~
ro n F I1._L

-7(%IAT( I X . !4, 2Y, LJ 4. ..'.X, E14. 7, 2X, LI

TO 31.0

C *.4.;i '140- Olf j I

j I r* (l ()

32 KbI.. (U4.'

DU U7O 1 1j ) n;)

3!X1(, K_ 'M(W. Jf-;

Y( 1, Nr4N.i E-.0 UT 6

**~~** *.,i I a. I I - a ---- a
w. a. 4 * I4~ I-I i



. . .- 7 9-- i . 4 . 4 4

* .-. 0 .- U':1) 10) I ND TH-E OJUANT IZI

C~&t t'Ib 40 ~ 2. Q**( -KA,-i

li (MM (I. I . EQ. o)(4 oo ' 41IO

rrI ) -o. o
- .;:"- -LJOP 440 IS USED TO FIND THE UNQUA(ITL
C4 OUTPUT

Y'f ( I ):X-111 c-~ I. 11 r? 0*-*(-114-1

C C' 3A.RI tW ROC ~UNED1NG OPERATIUiN
c V!-;::'D ID' WR.(XW! THE INFORMAIION 01,: 1
c AYio 10 Hiz F:ILE

i:PI IX, 14, 2 X-. EJ4. 7, 2X, E 14. 7# 2X? F t

4 L

i N .LE .' ~FbF ERROR". IER

.;7 M 'E. A1 I PE "(i~t::.E F.31.E ERROR", I EP
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* USER'S MANUAL PROGRAM PLOT

FILE: PLOT

DIRECTORY: DP4:OWEN

LANGUAGE: FORTRAN 5

DATE: September 1983

AUTHOR: Harun Inanli

SUBJECT: Producing the Input Signal Plot.

FUNCTION: This program plots both the input
and the scaled, as well as the quan-
tized, input signals. These data
come from the file TI1.

PROGRAM USE: The program is loaded by the follow-
ing command:

RLDR PLOT GRPH.LB @FLIB@

SUBROUTINE REQUIRED:

Name Location Purpose

GRPH.LB DP4F General graph plot

EXECUTION OF THE PROGRAM AND ITS RESULTS:

PLOT
INPUT FILE ANME FOR PLOT: TI1

The content of the file TI1 is explained in

Appendix B.

.4.. 215
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c I CHU >1cF~.r:PLOTS D4JTH I il AND

c THL. !it.AL'E'I) iS WELL AS t. .,.. U ED INPIJUT
C

r: t. jr P-E H L.. ;i PL T

t A I ,2 , -1 .7

-1< ~ ~ ~ ~ ~ 1 UI'A., Ns MOE £..1 1'. IFSCL'~7,2,E1

f I _ M. 1 1 Thi:_ C 01--f f NUE. C' HRAORTEJR

G, INPU
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USER'S MANUAL PROGRAM PLOT1

-: FILE: PLOT1

DIRECTORY: DP4:OWEN

LANGUAGE: FORTRAN 5

DATE: September 1983

AUTHOR: Harun Inanli

SUBJECT: Producing the Output Response Plot.

FUNCTION: This program plots the output response
of the digital filter according to data
given by the file PO. The contents of
the file PO is explained in Program
OUT1.

PROGRAM USE: The program is loaded by the follow-
ing command.

RLDR PLOTI GRPH.LB @FLIB@

SUBROUTINE REQUIRED:

Name Location Purpose

GRPH.LB DP4F General graph plot

EXECUTION OF THE PROGRAM AND ITS RESULTS:

PLOT1
QUANTIZE OUTPUT FILE NAME FOR PLOT: PO

The contents of the file PO is explained in Program

OUT1.

218
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One of the main problems in digital filter implemen-
tation is that all practical devices are of finite precision.
Therefore, the finite word length effect of digital filters
is an area of high interest.

There are various types of digital filter structures.
Due to the effect of finite word length registers, each
digital filter structure gives a slightly different output
response for the same transfer function. Therefore, it is
important to find the best filter structure which has the
lowest affect on the output response for the same transfer
function.

In this paper, six IIR (Infinite Impulse Response)
digital filters and six FIR (Finite Impulse Response) digital
filters are investigated, theoretically, for the low sensitiv-
ity due to a finite word length register. In addition, the
six FIR digital filters are simulated by computer to obtain
practical results. Finally, it will be shown that NS (Nested
Structure) digital filters produce the best response for the
least amount of sensitivity.
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